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CONVENTIONS AND ABBREVIATIONS

DEAE-cellulose -- O-(diethylaminoethyl) cellulose

EDTA ethylenediaminetetraacetic acid

Tris tris(hydroxymethyl)amino-methane

fingerpint This term is defined here as a two-dimensional fraction-

ation of oligonucleotides, usually following digestion of some

sort, and refers literally to the supporting medium bearing the

fractionated oligonucleotides (paper or thin-layer plate). By

extension, however, the term is also applied both to autoradio­

graphs of patterns taken on X-ray films, and to photographs of

such X-ray films; fingerprint can be used as either noun or verb.

fingerprinting -- an alternative form of the word fingerprint which

can be used either as noun or adjective.
CMCT -- �-cyclohexyl-N'-(S-morpholinyl-(4)-ethyl) carbodiimide­

methyl-E-toluene sulfonate

5' side means left when referring to RNA sequences or drawings there­

of, which are conventionally depicted with the 5' end to the left

3' side means right in this context

spot When an X-ray film is exposed to a fingerprint and subse-

quently developed, a pattern of black spots appears on the film.

Each such visible region of silver grains on the film is called

a spot. Furthermore, the analogous regions of the thin-layer

plate containing radioactive material which caused the spots on

the film are also referred to as spots. Thus it is possible to

talk about eluting spots from a fingerprint.
PSTV

CEV

CSV

CPFV

ChCMV

potato spindle tuber viroid

citrus exocortis viroid

chrysanthemum stunt viroid

cucumber pale fruit viroid

chrysanthemum chlorotic mottle viroid
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SUMMARY

This dissertation concerns studies of plant viroid RNA and other

RNA species of unusual function. By "RNA species of unusual function"

we mean RNA species which do not function as transfer, ribosomal or

messenger RNA. In the studies to be reported here we have laid the

experimental and theoretical foundation for investigating the role of

��A in the control of gene expression.

In Chapter I the various standard techniques of RNA fingerprint­

ing and sequencing have been applied to RNA molecules labeled in vitro

with 1251. Fingerprints of human 5S RNA and bacteriophage f2 RNA

resemble those of their noniodinated counterparts both in complexity

and in specific pattern. Iodination as used here is thus a general

labeling procedure, and appears principally to label cytidine residues.

This iodination method shows little sensitivity to potential structure

in single-stranded RNA molecules, yields stable oligonucleotide prod­

ucts in a reproducible manner, and does not change the specificity of

RNases Tl, T2, and U2, nor does it affect the specificity of digestion

by pancreatic RNase or spleen phosphodiesterase. Some difficulties

arising in the handling of iodinated RNA are also discussed.

In Chapter II we have employed these techniques to study several

properties of plant viroid RNA which was previously unobtainable as a

radioactively labeled species of high specific activity. Highly

purified isolates of potato spindle tuber viroid (PSTV) from tomatoes

and citrus exocortis viroid (CEV) from Gynura aurantiaca have been

compared. Two-dimensional fingerprinting analysis of PSTV and CEV RNA

labeled in vitro with 1251 has demonstrated that (i) each of these RNA

species has a complexity compatible with the size estimate of 250-350

nucleotides and (ii) these RNA molecules do not have the same sequence.

In the course of these studies we have developed a technique for the

extraction of very small amounts (less than one microgram) of low

molecular weight RNA from polyacrylamide gels of nucleic acid prep-
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arations from healthy and viroid-infected plant tissues. The purity

of such samples is high enough to allow subsequent iodination (to a

specific activity of 1-5 x 106 cpm/�g) and characterization by two­

dimensional fingerprinting analysis.

Our original interest in the study of viroids arose through a

consideration of potential roles for RNA in the control of gene

expression. Because viroids are composed entirely of ��A, it is

possible that they could interact directly with the regulatory

machinery of the host cells and could constitute aberrant forms of

regulatory substances. In Chapter III we have considered the fea­

tures of RNA which make it especially suitable for a regulatory role,
then suggest a possible source for such proposed regulatory RNA, and

finally describe possible modes of action. We have considered

possible roles for extra RNA regions which are removed from RNA

precursor molecules during their maturation, and have suggested
that specific cleavage by RNA processing enzymes can give rise to

reproducible fragments from these regions which may function after

their removal. Nucleotide sequence analysis of an RNA processing
site from bacteriophage T7 early messenger RNA precursor, as well

as of potential cleavage sites from HeLa cell heterogeneous nuclear

RNA, has been carried out.
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CHAPTER I

STUDIES OF IODINATED RNA

Studies on the in vitro iodination of a variety of nucleic acids

with 1251 by Commerford (1971) demonstrated that such nucleic acids

could be labeled to a high extent in a straightforward chemical reac­

tion. Subsequently, Prensky et al. (1973) and Prensky (1975) described

modifications of this procedure which allowed microgram quantities of

RNA to be iodinated with carrier-free 1251 to specific activities in

6 8
the range 10 to 10 counts per minute per microgram. With this devel-

opment, it became possible to consider studying RNA species previously
difficult or impossible to obtain labeled to high specific radio acti­

vity. Before such studies could begin, however, it was necessary to

conduct a set of control experiments to study the properties of iodin­

ated RNA molecules and to determine whether conventional techniques

for the characterization of RNA could be applied successfully. This

chapter, based partially upon a paper by H. D. Robertson, E. Dickson,
P. Model and W. Prensky (1973), contains a description of these

experiments.

The demands placed upon an in vitro RNA labeling method are, in

general, quite stringent. Ideally the modified RNA should remain in­

tact, retain its biological activity and preserve its chemical proper­

ties. In the studies to be reported here, we have shown that RNA

fingerprinting and sequencing techniques originally developed using

32P-labeled RNA species (Sanger et al., 1965; Brownlee et al., 1968;
Brownlee and Sanger, 1969; Barrell, 1971) can be extended to include

applications to ��A labeled in vitro with 1251• Fingerprints of human

5S RNA and bacteriophage f2 RNA resemble those of their non-iodinated

counterparts both in complexity and in specific pattern. The iodina­

tion method used shows little sensitivity to potential structure in

single-stranded RNA molecules, yields stable oligonucleotide products
in a reproducible manner, and does not change the specificity of
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ribonucleases used conventionally for secondary sequence analysis.

Thus in vitro iodination of trivial amounts (0.5 to 1.0 micrograms)
of an unknown RNA species followed by fingerprinting will yield a

unique pattern of spots (see page v for definitions of abbreviated

terms commonly employed in fingerprinting analysis) within a two­

dimensional fingerprint that would allow its identification at all

future times. In addition, such fingerprints can be used for assaying
the purity of RNA preparations, for comparisons with related RNA

species, and as a starting point for sequence analysis. Some of

these applications will be presented in Chapter II.

MATERIALS AND METHODS

Nucleic Acids for Iodination: RNA from bacteriophage f2 was

grown and purified according to Webster et ale (1967). l4C_ and 32p_
labeled bacteriophage fl messenger RNA was synthesized in vitro using

the double-stranded Replicative Form DNA isolated from infected E.

coli as template, according to the method of Model and Zinder (1974).

Single-stranded DNA from phage fl was the gift of K. Jakes, The Rocke­

feller University. We are indebted to Dr. T. Borun, Fells Research

Institute, Philadelphia, Pa., for his gifts of purified HeLa cell 5S

ribosomal RNA, and to Dr. W. Jelinek of The Rockefeller University,
New York, for supplying us with in vivo 32P-labeled HeLa cell 5S RNA.

We received duck globin messenger RNA from Dr. D. Housman, Massachu­

setts Institute of Technology. Polyribocytidylic acid and polyuridy­
lic acid were purchased from Sigma.

Isotopes: Carrier-free 1251 as NaI was purchased from New Eng­
land Nuclear Corp. Carrier-free 32p was obtained from Schwarz-Mann.

Ribonucleoside triphosphate precursors for in vitro RNA synthesis

([14C]CTP -- specific activity 500 mCi/mmole -- and alpha [32p]ATP,
GTP, UTP and CTP -- average specific activity 100,000 mCi/mmole) were

obtained from New England Nuclear Corp.
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Other materials: Ribonucleoside triphosphates were obtained from

P-L Biochemicals Inc. BDH yeast nucleic acid for homochromatography

was purchased from Gallard Schlesinger. RNases Tl, T2 and U2 (Sankyo

Co., Ltd., Tokyo, Japan) were purchased from CalBiochem. Pancreatic

RNase (5x recrystallized), electrophoretically purified pancreatic

DNase (DPFF), spleen phosphodiesterase, and snake venom phosphodiester­

ase (VPH) were obtained from Worthington Biochemical Corp.

Iodination of Nucleic Acids: All carrier-free iodinations with

1251 were carried out at the Sloan-Kettering Institute in collaboration

with Dr. Wolf Prensky according to the methods of Commerford (1971),

Prensky et ale (1973) and Prensky (1975). The concentrations and vol­

umes of all reagents were the same as given by Prensky et ale (1973),

except that some types of RNA were used in concentrations lower than

1 mg/ml. Also, all iodination products were separated not on hydroxy­

apatite but by use of CFll cellulose (Franklin, 1966). The reaction

mixture was brought to .5ml with 0.1 M NaCl, 0.05 M Tris-HCl, pH 7.0,

and 0.001 Methylene diamine tetra-acetic acid; 0.5 ml of absolute

ethanol was added, and the mixture loaded on CFll cellulose, washed,

and the r125I]RNA eluted off in 0.9 ml of the same buffer less ethanol.

The RNA was then ethanol precipitated by the addition of 10 micrograms
of bacteriophage f2 RNA as carrier, 0.1 ml of a molar sodium acetate,

pH 5.2 and 2.5 ml absolute ethanol. After incubation overnight at

-200 C, centrifugation for 20 minutes at 15,000 rpm in a Sorvall SS 34

rotor yields visible pellets in siliconized 12 ml Sorvall pyrex tubes.

The supernatants were poured off, the pellets dried in a vacuum dessi­

cator to remove traces of ethanol, and the pellets resuspended in

water for storage in siliconized screw-cap tubes at -200 C.

Digestion and Fingerprinting of Nucleic Acids: Iodinated RNA

samples were digested and fingerprinted according to the standard tech­

niques worked out by Sanger and his collaborators (Sanger et al., 1965;
Brownlee and Sanger, 1969; Barrell, 1971). The l4C_, 32p_ or 1251_
labeled RNA samples were mixed with 10 micrograms of bacteriophage f2

RNA and digested either with 2 micrograms of Tl ribonuclease in 2 micro-
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liters of 0.01 M Tris-HCl (pH 7.5) - 0.001 M EDTA for 40 minutes at 370

C or digested with 2 micrograms pancreatic ribonuclease in the same

buffer for 30 minutes at 370 C. Reaction mixtures were applied to cel­

lulose acetate strips (Schleicher and Schuell, Keene, N.H.; 2.5 x 57

cm) soaked with 5% glacial acetic acid, containing 0.005 M EDTA in 7 M

urea and subjected to high voltage electrophoresis (25 minutes, 6 kV).

The second dimensions involved either ascending homochromatography

or high voltage electrophoresis. The oligonucleotides are transferred

from the cellulose acetate to either Machery-Nagel 20 x 40 cm DEAE­

cellulose thin-layer chromatography plates or to Whatman DEBI DEAE

paper by placing the cellulose acetate strip in position on top of the

DEAE substrate and applying wet Whatman 3MM strips with a strip of

glass over the top to keep the wet layers flat. The water runs through

the cellulose acetate into the dry DEAE layer carrying the oligonu­

cleotides with it. The high affinity of nucleotides for DEAE causes

them to bind tightly wherever they first contact the DEAE layer. Once

transfer has been accomplished (about 20 minutes; three re-wettings
of the Whatman 3MM strips), the glass, Whatman paper and cellulose

acetate strip are removed carefully and the thin layer plate or DEBI

paper rinsed in 95% ethanol for 5 minutes and air dried.

The thin layer plates were subjected to ascending homochromato­

graphy, a procedure carried out at 600 C in which a partially hydro­

lyzed solution of yeast RNA in 7 M urea moves upward over the DEAE­

cellulose thin-layer plate causing the oligonucleotides to separate

according to size, with the smallest ones moving the longest way up

the plate. The original convention of placing the origin at the lower

right corner in figures of homochromatographic fingerprints has been

used (Brownlee and Sanger, 1969).

The DEBI DEAE paper was wetted with 7% formic acid for 32P-labeled
RNA or pH 1.9 buffer for 125I-labeled RNA and subjected to high voltage

electrophoresis. Dupont Cronex 2 X-ray film was used to detect the

positions of all radioactive oligonucleotides in both types of

fingerprints.
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Oligonucleotides were eluted after two-dimensional fractionation

according to conventional techniques (Barrell, 1971). Thirty percent

triethylamine carbonate (TEC) in water (pH 8.7) was employed for elu­

tion of oligonucleotides from thin-layer plates, while a 22.5% solution

was used to elute oligonucleotides from DEAE paper to obtain more rapid

elution. Further base composition and enzymatic analyses were gen­

erally carried out exactly in accordance with the procedures reviewed

by Barrell (1971), and any changes are noted in legends to figures

describing individual experiments.

Homomix Preparation: Homomix is an abbreviated name for the homo­

chromatography mixture described by Brownlee and Sanger (1969) for use

in the second dimension of RNA fingerprints. It contains partially

hydrolyzed nucleic acid dissolved in 7 M urea. The concentration of RNA

and the extent of hydrolysis can be varied to produce a homomix of the

appropriate strength (e.g. limited hydrolysis (0-5 minutes) yields a

homomix capable of moving large oligonucleotides in a thin layer of

DEAE-cellulose while extensive hydrolysis (10-25 minutes) results in a

homomix that gives good resolution of the small oligonucleotides but

leaves the larger ones at the origin). The most useful homomix for

work presented here on RNA species ranging in size from 120 (HeLa 5S

RNA) to 3500 (bacteriophage f2 RNA) was the "5%, 5 minute" homomix.

50 grams of BDH yeast nucleic acid (product no. 42045; from Gallard­

Schlesinger) is added to 300 milliliters of freshly prepared 1 N KOH.

The resulting sticky brown mass of crude RNA not yet dissolved in the

KOH is stirred in a lively fashion with a heavy duty glass rod to expe­

dite the dissolution of the RNA. A timer is set as soon as the RNA is

added to the KOH. Exactly 5 minutes later (by this time the RNA is

all in solution) the mixture is titrated to pH 7.5 with concentrated

HCI. The neutralized mixture is transferred to two three-foot lengths
of l�-inch dialysis tubing (washed briefly in distilled water) leaving
a space of 3-4 inches of empty tubing between the top of the liquid
and the top knot of the dialysis tubing. This is dialysed against
4 liters of water for two hours. The water is replaced with fresh



incubation is for one hour. The samples are then spotted and run in

the same way as the products of alkaline hydrolysis at pH 3.5 on What­

man 3MM paper.

RESULTS

Fingerprinting of Iodinated RNA

Two-dimensional fractionation of the specific oligonucleotides

resulting from digestion of an RNA with TI or pancreatic RNase yields a

unique two-dimensional pattern (called a fingerprint) for each differ­

ent RNA species analyzed. The fact that the pattern obtained is

extremely sensitive to single base changes in the RNA allowed Robertson

and Jeppesen (1972) to determine the extent of variation in three

closely related bacteriophage RNA molecules. In these studies the RNA

genomes of bacteriophage f2, MS2 and R17 were shown to differ from each

other by about 4%. Although these RNA species shared 96% of their

sequences, two-dimensional fingerprints of their ribonuclease Tl­

resistant oligonucleotides exhibited totally different patterns in the

characteristic region where large fragments are situated.

We have tested iodinated RNA to see whether it is compatible with

fingerprinting procedures conventionally in use with 32P-labeled mole­

cules such as those studied by Robertson and Jeppesen (1972).

Figure 1 presents a comparison of fingerprints obtained following
32 125 .

ribonuclease Tl digestion of either P- or I-labeled bacterl0phage
f2 RNA. Figure lA shows the well characterized fingerprint of 32p_
labeled f2 RNA isolated from in vivo 32P-labeled phage particles (Rob­
ertson and Jeppesen, 1972). The bracketed spots represent a unique

group of Tl-resistant oligonucleotides which occur only once each in

the RNA molecule. Figure lB shows that f2 RNA labeled with 1251 yields
a very similar fingerprint to that in Figure lA and that, in particu­

lar, the unique spots are arrayed in a similar pattern. Thus, for an

RNA species such as f2 with a complexity of 3500 nucleotides, the

iodinated form can be digested by TI ribonuclease to yield a specific
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Figure 1

Ribonuclease T1 fingerprints of 32p_ and 12SI-1abe1ed f2 phage
RNA. Approximately 5 x 106 dpm of either 32P-1abe1ed f2 phage RNA

(specific activity 2 x 106 dpm/microgram) or 12SI-1abe1ed f2 RNA

(specific activity between 0.3-1.1 x 107 dpm/microgram) prepared as

described in Materials and Methods were mixed with 10 micrograms of

unlabeled f2 phage RNA and digested with 2 microliters of T1 ribonu­
clease for 40 minutes at 370 C. Fingerprinting was then carried out

employing thin-layer homochromatography (see Materials and Methods).
(A) RNase T1 fingerprint of 32P-1abe1ed f2 RNA. (B) RNase T1 finger­
print of 12SI-1abe1ed f2 RNA. In each case the origin is at the lower

right, and the bracketed region near the bottom of each picture repre­
sents that population of unique oligonucleotides in each fingerprint
which correspond to those characterized previously (Robertson and

Jeppesen, 1972). The different size of the two brackets is explained
by the somewhat different spread of comparably sized oligonucleotides
obtained in the two fingerprints which were run at different times.

8
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population of resistant oligonucleotides which after electrophoretic

separation in the first dimension and separation by ascending homo­

chromato�raphy in the second dimension form a pattern quite similar to

32
that formed by their P-labeled counterparts.

A second method of RNA fingerprinting employs electrophoretic sep­

arations in both dimensions (pH 3.S electrophoresis on cellulose acetate

followed by electrophoresis in 7% formic acid on DEAE paper). Unlike

homochromatography, this type of fingerprint can resolve many sequence

isomers and has highly reproducible mobilities of oligonucleotides

which depend on the base composition and thus provide important infor­

mation for sequence analysis. On the other hand, this type of finger­

print is only useful in the case of ��A molecules of low complexity
since oligonucleotides longer than 8-10 bases long remain at the origin
of the second dimension.

Figure 2 shows a comparison of such fingerprints of ribonuclease

Tl digests of 32p_ and l2SI-labeled HeLa cell SS RNA. Figure 2A shows

the fingerprint of HeLa SS RNA obtained from in vivo 32P-labeled HeLa

cells. The pattern formed by oligonucleotides in this fingerprint bears

a striking resemblance to the fingerprint of 32P-labeled SS RNA iso­

lated from KB cells (Forget and Weissman, 1967). Figure 2B shows the

pattern obtained when HeLa cell SS RNA is iodinated and subjected to

similar treatment. In this case, however, the second dimension was

run at pH 1.9 with .OOS molar EDTA instead of in 7% formic acid (pH
1. 7) since the iodinated oligonucleotides tend to streak in a "7%"

second dimension. While certain similarities in pattern can be picked
out in these two fingerprints, it does not appear to be an ideal system

for comparison of RNA species since the most characteristic oligonucleo­
tides (i.e., the longest Tl-resistnat oligonucleotides) are clustered

either on the origin or close to it.

Tl fingerprints of HeLa SS RNA employing homochromatography as the

second dimension are shown in Figure 3. These two patterns are iden­

tical except that 4 spots present in the fingerprint of 32P-labeled
RNA b t f th fo °

f
l2S

are a sen rom e 1ngerpr1nt 0 I-labeled RNA.
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Figure 2

32 l2S
Ribonuclease Tl fingerprints of P- and I-labeled HeLa cell

SS RNA with electrophoretic second dimension. Approximately 2 x 106
dpm of 32p_ or l2SI-labeled HeLa cell 5S RNA (specific activity O.S x

106 and 1.1 x 107 dpm/microgram respectively) were mixed with 10

micrograms f2 phage RNA and digested with RNase Tl. Two-dimensional

fingerprints in which the first dimension consisted of electrophoresis
at pH 3.S on cellulose acetate strips and the second dimension was

electrophoresis at about pH 1.7 in 7% formic acid for the 32P-labeled
5S RNA or in acetic-formic buffer, pH 1.9, for the l2SI-labeled 5S RNA

(see Material and Methods for details). (A) Two-dimensional finger­
print of 32P-labeled HeLa SS RNA: the origin is at the upper right in

this representation; the first dimension was from right to left, and
the second (high voltage electrophoresis in 7% formic acid on Whatman
DEBI paper) from the top of the picture to the bottom. (B) two-dimen­
sional fingerprint of l2SI-labeled HeLa SS RNA carried out exactly as

the fingerprint in (A) except that the second dimension was run at pH
1.9 in acetic-formic acid buffer, pH 1.9 - 0.005 M EDTA.

10



11

A

Figure 3

Two-dimensional fingerprints of RNase Tl-resistant oligonucleotides
of 32p_ and l25I-labele� HeLa 58 RNA. RNA samples containing approxi­
mately 2 x 106 dpm of 3 p- or l251-labeled HeLa 58 &�A (specific acti­

vity 0.5 x 106 and 1.1 x 107 dpm/microgram respectively) were digested
with RNase Tl and subjected to fingerprinting with a thin-layer homo­

chromatographic second dimension as described in Materials and Methods.
(A) Fingerprint of 32P-labeled HeLa 58 RNA. (B) Fingerprint of 1251_
labeled HeLa 58 RNA. The origin is at the lower right; the first dimen­
sion was from right to left, and the second, from the bottom to the top.
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Thus we find that iodinated RNA can be subjected to all of the

procedures required for fingerprinting by either of the two methods in

general use, and furthermore, that fingerprints of 32p_ and 1251_
labeled RNA can be compared directly.

Base Specificity of Iodination

Commerford (1971) has shown that the most efficiently labeled prod­

uct of iodination of homopolymers is 5-iodocytosine while uracil and

guanine are labeled at 3-4% and 0.2-0.3% of the level of cytosine

respectively. Poly(C) and poly(U) were iodinated, reduced to monomers

by enzymatic digestion with RNase T2 (containing RNase Tl and pancrea­

tic RNase), and characterized by high voltage electrophoresis at pH 3.5

on Whatman 3MM paper (Figure 4A, lanes 3 and 5). Under these conditions,

l25I-labeled CMP runs slightly slower than 32P-labeled GMP (Figure 4A,

lane 1), while l25I-labeled UMP has a mobility midway between 32p_
32

labeled GMP_and P-labeled liMP. Similar digestion of iodinated HeLa

5S RNA yields a major component with mobility identical to that of
125

I-labeled CMP, while a trace spot is observed at the mobility of

l25I-labeled UMP (Figure 4B, lane 1). The same result was obtained in

base composition determinations of RNA's from diverse sources. Transfer

. RNA provides an exception to this observation. In this case T2 RNase

digestion yields a complicated pattern of up to nine l25I-labeled com­

ponents (Figure 4C). It is possible that in vitro labeling with 1251
will prove to be a valuable technique for identifying modified bases

in such species.

A second method commonly used for the determination of base com­

position of RNA is alkaline hydrolysis (incubation in 0.4 N NaOH, at 370

for 18 hours). This treatment has been found unsuitable for iodinated
.

f f f h 1251 .

spec1es or two reasons. First, a signi icant portion 0 t e 1S

lost from l25I-labeled poly(C) during this treatment. Second, upon

electrophoresis of iodinated RNA's following alkali treatment, there is

a shift of most of the radioactivity from the position of l25I-labeled
CMP to that of 125I-labeled UMP (Figure 4A, lane 2). Similar treatment
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Figure 4

Base composition analysis of iodinated nucleic acid species.
Alkaline hydrolysis was for 18 hours at 370 in 0.4 M NaOH, in a volume

of ten microliters and this treatment is abbreviated as "Alk" in the

figure. RNase T2 was employed at a concentration of two units/ml
together with RNase Tl (O.OS mg/ml) and pancreatic RNase (O.OS mg/ml).
Incubation was for 2 hours at 370 in ten microliters of buffer contain­

ing O.OS M ammonium acetate, pH 4.S. This treatment is abbreviated as

"T2" in the figure. Various samples were spotted onto Whatman 3MM

paper and exposed to descending high-voltage electrophoresis at pH 3.S
in 0.5% pyridine, 5% glacial acetic acid, "O.OOS M EDTA.

(A) lane l--RNase T2 digestion of 32P-labeled fl RNA (104 dpm;
specific activity 2 x 108 dpm/microgram) prepared with all four
a-32P-labeled ribonucleosidz triphosphates; lane 2-"-alkaline hydrolysis
of l25I-labeled poly(C) (10 dpm; specific activity 2.S x 106 dpm/
microgram); lane 3--RNase T2 digestion of l2SI-labeled poly(C) (104
cpm as in lane 2); lane 4--alkaline hydrolysis of l25I-labeled poly(U)
(S x 103 dpm/ specific activity 105 dpm/microgtam); lane 5--RNase T2

digestion of l2SI-labeled poly(U) (5 x 103 dpm as in lane 4).

(B) lane l--RNase T2 digestion of l25I-labeled HeLa SS RNA (104
dpm; specific activity 1.1 x 107 dpm/microgram); lane 2--alkaline hydro­
lysis of 32P-labeled fl RNA (104 dpm as in (A), lane 1).

(C) RNase T2 digestion of 2 x 104 dpm of l25I-labeled Drosophila
tRNA (specific activity grea�er than 106 dpm/microgram). The bracketed
spots represent additional 1 SI-labeled moieties which we have observed
only in RNase T2 digests of a number of iodinated RNA samples which
contained tRNA.
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of l25I-labeled poly(U) results in a slight loss of radioactivity, but

no change in mobility of the resulting l25r-labeled UMP (Figure 4A,
lane 4). These observations could be explained if either one or the

other of two possible reactions--either deamination or de-iodination

of l25I-labeled CMP--occurs under extreme alkaline conditions.

An experiment to test the possibility that these chemical changes
do occur in iodinated cytidylate residues is presented in Figure 5.

Bacteriophage fl RNA containing l4C-labeled CMF, synthesized in vitro

with ��A polymerase from a double-stranded Replicative Form DNA tem­

plate, was divided into two aliquots; half was iodinated. Both samples
were digested with RNase T2, spotted on Whatman 3MM paper and subjected
to high voltage electrophoresis at pH 3.5 as described in Materials and

Methods. Figure 5A represents the X-ray film which was in contact with

the 3MM paper. Lane 1 shows the base composition of the l4C-labeled
RNA (non-iodinated) while lane 2 shows the base composition of the

l25I-labeled aliquot. As expected, the non-iodinated form of CMP runs

near the origin and the iodinated form runs slightly faster than the

blue dye marker (xylene cyanol FF) whose position is indicated by the

circle of dots at each side. Figure 5B represents a second piece of

X-ray film that was exposed to the 3MM paper but separated from it by

the thickness of the first film. Thus, the l4C is not detected and
125

only the I-labeled CMP can be seen. Both the iodinated and non-

iodinated spots of CMP were eluted from the paper, subjected to alka­

line hydrolysis (0.4 M NaOH, 18 hours, 370 C), respotted onto 3MM

paper, and re-electrophoresed at pH 3.5. Again two films were exposed

simultaneously. The closest film to the paper (Figure 5C) shows that

alkaline hydrolysis of iodinated CMP (lane 2) has caused a conversion

of almost all of the radioactivity that had previously migrated at

the position of l25I-labeled CMP to two new products: one which

migrates in the position of non-iodinated CMP near the origin, the

other which migrates in the position of l25I-labeled UMP (see Figure

4A, lanes 4 and 5). Furthermore, the radioactive oligonucleotide
migrating near the origin has not been able to expose the second film
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Figure 5

Deamination and de-iodination of iodo CMP under alkaline conditions.

Bacteriophage fl RNA containing l4C-labeled CMP was digested to mono­

nucleotides by incubation with RNase T2, spotted onto Whatman 3MM

paper, and subjected 'to high voltage electrophoresis at pH 3.5. Its

location near the origin was detected by exposure to X-ray film (panel
A, lane 1). A second aliquot of this RNA which had first been iodinated
in vitro with 1251 was treated identically (panel A, lane 2). In this

case, the base composition indicates the presence of iodo-CMP with a

trace of radioactivity in the position of iodo-UMP (see Figure 4B,
lane 1). (B) represents the second film exposed to this same 3MM paper
but separated from the paper by the thickness of one X-ray film (that
shown in (A». In this case, spots containing only l4C are not visible.

Only the spots in lane 2 which contain 1251 can be seen.

The two major spots shown in (A) were eluted, and subjected to

alkaline hydrolysis and electrophoresis as above. (C) represents the

X-ray film that was directly in contact with the 3MM paper and (D)
represents the second film. The l4C-labeled CMP in lane 1 near the

origin has lost a small minority of its radioactivity to a second spot
that runs in the position of UMP (see Figure 4A, lane 1). Neither of
these spots are visible on the second film. On the other hand, the
iodo-CMP shown in (C), lane 2, has converted most of its radioactivity
into two new species: one that migrates just like iodo-UMP (see Figure
4A), and the other that runs exactly with the non-iodinated CMP shown
in lane 1. Comparison of (C) with (D) shows that one of these new

spots (the one migrating in the position of iodo-UMP) contains 1251.
The other new spot which co-migrates with CMP contains only l4C.

Details of digestion and electrophoresis of the RNA are described
in Materials and Methods.
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14
(Figure 5D) indicating that the radioactivity present is Conly.
This result confirms the proposed conversion under alkaline conditions

of 5-iodo-CMP to either 5-iodo-UMP (by deamination) or to de-iodinated

CMP (by de-iodination).

Lane 1 of Figure 5C demonstrates the fact that this same reaction

takes place, but at a much reduced rate, in the case of non-iodinated

Q1P. Here, some l4C can be detected in the position of UMP (see

Figure 4A, lane 1), while the vast majority remains near the origin.
125

Apparently the presence of I at the C5 position of the pyrimidine

ring (ortho to the amino group of CMP) increases the probability of

nucleophilic attack at both C4 and C5 under alkaline conditions.

NH2 NH2 0

N�IId .

di
, N�I d

' , HN�I�t.I)- ere lnatlon�t.,jJ - eamlnatlon�t.,JI
ON", 0 NON

I '" I I

deamination

�O
HN�I
O�NJI

I

Mobility of Iodinated Oligonucleotides

As discussed in the previous section, iodo-CMP runs faster than

CMP when subjected to electrophoresis at pH 3.5 on Whatman 3MM paper.

This difference in mobility would be expected to have an effect upon

the position of oligonucleotides within a Tl fingerprint since separ­

ation in the first dimension depends upon electrophoresis at pH 3.5 on
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cellulose acetate. To investigate the impact of such a mobility shift

upon the final form of a fingerprint, bacteriophage fl RNA which had

been transcribed in vitro in the presence of l4C-labeled CMP was di­

vided into two aliquots, half was iodinated with 1251, and both halves

were subjected to Tl fingerprinting analysis as shown in Figure 6.

Panel (A) shows the fingerprint of l4C RNA alone. Panels (B) and (C)

represent the film in contact and the second film exposed to the

fingerprint of the l25I_14C_labeled RNA mixed with some non-iodinated

l4C-labeled RNA. As predicted, the iodinated oligonucleotides move

faster in the first dimension (from right to left) causing the finger­

print in (C) to be shifted further to the left with respect to the

blue dye marker (shown as a circle of dots in the upper right corner)
than the fingerprint in (A). Panel B shows these two effects super­

imposed upon each other. This demonstrates that the shift is most

dramatic with the shortest oligonucleotides (near the top of the

fingerprint), and becomes increasingly less apparent in the larger
ones. Furthermore, it is evident that the acquisition of a single
1251 0 0

ff
0 •

1
0 0

f
0

1 h b LLd t f h 101S 1nsu 1C1ent to a ter s1gn1 1cant y t e mo 1 1 Y 0 teo 190-

nucleotides in the second homochromatographic dimension. In order to

find out whether the iodinated oligonucleotides retain the same spatial

arrangement within the fingerprint as that demonstrated by non­

iodinated oligonucleotides, it is necessary to carry out secondary

analysis of all the spots from a fingerprint of an RNA species whose

sequence is known.

Secondary Analysis of Iodinated Oligonucleotides

Because we had a source of both unlabeled and 32P-labeled HeLa 5S

RNA and because the nucleotide sequence of human 5S RNA from KB cells

is known (Forget and Weissman, 1967), we chose this RNA species to test

the conventional secondary analysis procedures and to determine

whether fingerprints of 32p_ and l25I-labeled RNA species can be

compared directly, spot for spot.
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Figure 6

Mobility shift of iodinated oligonucleotides. A sample of bac­

teriophage fl RNA (specific activity 5 x 104 dpm/microgram synthesized
in vitro with l4C-labeled CTP) was iodinated with 1251 (1251 specific
activity about 5 x 107 cpm/microgram). Aliquots of both non-iodinated
and iodinated forms were subjected to Tl fingerprinting analysis. The

iodinated RNA sample was mixed with an aliquot of the non-iodinated
l4C(CMP)-labeled RNA. The positions of both l4C-only and 1251_
containing oligonucleotides can be seen in (B) which represents the

X-ray film in contact with this fingerprint. A whole set of rightward
spots visible in (B) can not be seen in (C) (the second film on this

fingerprint) thus allowing us to attribute their presence to l4C_
labeled oligonucleotides which are not iodinated. The circle of dots
in the upper right hand corner marks the position of the blue dye
marker. Panel (A) shows a Tl fingerprint of l4C-labeled fl RNA which
had not been subjected to iodination for comparison.
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125

19ure sows lngerprlnts 0 - an I-labeled HeLa 55

RNA together with drawings indicating the spots selected for secondary

analysis. The surface of the thin layer plate within each of the

circled regions was scraped off and the RNA eluted from it with 30%

TEG. The TEC was removed by vacuum dessication and the retrieved

radioactivity was split into the appropriate number of aliquots for

subsequent analysis.

It was first necessary to assign sequences to all of the oligo­
nucleotides present in the fingerprint of the 32P-Iabeled HeLa 55 ��A

to see if it is the same as the 55 isolated from human KB cells and

sequenced by Forget and Weissman (1967). The oligonucleotides indi­

cated in Figure 7B were eluted from the Tl fingerprint and subjected
to electrophoretic analysis following RNase T2, pancreatic RNase, or

U2 RNase digestion as described in Materials and Methods. The data

obtained in these analyses are presented in Table I. Each spot from

the Tl fingerprint could be assigned an oligonucleotide sequence from

the KB cell 55 RNA sequence unambiguously.

Enzymatic analyses of the oligonucleotides extracted from the

regions circled in the tracing of the 1251 Tl fingerprint of HeLa 55

RNA (Figure 7D) are presented in Figure 8. Each eluted oligonucleo­
tide sample was divided into four equal aliquots. One aliquot was

left undigested and the other three were digested with RNase U2,

pancreatic RNase or T2 RNase as described in the Materials and Meth­

ods. These four samples were then spotted side by side on DEBI DEAE­

paper and subjected to high voltage electrophoresis at pH 1.9. By

combining information from position in the fingerprint, mobility when

rerun at pH 1.9 (with no prior digestion), and number and mobility of

digestion products of U2 and pancreatic RNases at pH 1.9, with know­

ledge of the sequences of C-containing oligonucleotides present in

55 RNA, it was possible to assign a sequence to each of the oligo­

nucleotides eluted with one exception (to be dealt with below). These

data and assignments are presented in Table II. Each oligonucleotide
whose sequence could be identified occupied the same position within
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Figure 7

32 125
T1 fingerprints of P- and I-labeled HeLa 5S RNA subsequently

subjected to secondary enzymatic analysis. (A) T1 fingerprint of 32p_
labeled HeLa 5S RNA obtained from Dr. W. Jelinek of The Rockefeller

University. (B) Drawing indicating the spots within the fingerprint
shown in (A) which were selected for secondary enzymatic analysis.
(C) Tl fingerprint of l25I-labeled HeLa 5S RNA (unlabeled ��A was

obtained from Dr. T. Borun, Wistar Inst., Philadelphia). (D) Drawing
indicating the spots within the fingerprint shown in (B) which were

selected for secondary enzymatic analysis.
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Table I

Sequence assignment of ��ase Tl-resistant oligonucleotides
32 HeLa 5S ��A (see Figures 3A and 7A)from P-labeled

Confirmatory Secondary Analyses
Oligo-
nucleo- Proposed Sequence Base Com- Pancreatic RNase U2

tide (Forget & position RNase Diges- Digestion
number Weisman, 1967) (RNase T2) tion Products Products

1 CCAUACCACCCUG C,A,G,U AU,AC,C,G,U CCCUG,UA,CCA
2 AAUACCG C,A,G,U AAU,AC,C,G CCG,UA,A

3 CUAAG C,A,G,U AAG,C,U CUA,G,A

4 AUCUCG) mixture C,A,G,U AU,AC,G,C,U UCUCG,UCUA,

UCUACG� UA,CG,A

5 AACG C,A,G AAC,G CG,A

6 ACCG C,A,G AC,G,C CCG,A

7 CCCG C,G G,C CCCG

8 UACUUG C,A,G,U AC,G,U CUUG, UA

9 CCUG)
mixture C,G,U G,C,U CCUG

AAG� A,G AAG A,G

10 UCUG C,G,U G,C,U UCUG

11 CUG, mixture C,G,U G,C,U CUG

UCG) UCG

12 CG C,G G,C CG

a UUAG A,G,U AG,U UUA,G

b UG G,U G,U UG

c AUG ) C,A,G,U AU,G,C,U UG,A

CUG/UCG� mixture
CUG/UCG

d UAG A,G,U AG,U UA,G

e CAG C,A,G AG,C CA,G

f AG A,G AG G,A

g CUUOH C,U C,U CUUOH
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Figure 8

Enzymatic analysis of RNase Tl-resistant oligonucleotides from

l25I-labeled HeLa 58 RNA. Oligonucleotides circled in Figure 7D were

eluted, split into four equal aliquots, and treated as follows: lane
l--no treatment; lane 2--incubation with RNase U2 in ten microliters
at a concentration of 2 units/ml for 2 hours at 370 C in 0.05 M sodium
acetate pH 4.5, 0.002 M EDTA, 0.1 mg/ml crystallized bovine serum

albumin (Pentex Inc., Kankakee, Ill.); lane 3--incubation with pan­
creatic RNase (1 mg/ml) in ten microliters of 0.01 M Tris-HCl, pH 7.4,
0.001 M EDTA; lane 4--treatment with RNase T2 in the enzymatic mixture

described in the Materials and Methods. The fifteen groups of four

analyses are labeled with the numbers 1 to 12 to correspond to oligo­
nucleotides indicated in Figure 7B, and x, y, z to designate addi­
tional minor oligonucleotides analyzed from the fingerprint in Figure
3B (data not presented). The analyses of oligonucleotides numbered in

Figure 7B are distributed among the three parts of this figure in the

following way: (A) 1, x, y, 2, z; (B) 3, 4, 5, 6, 7; (C) 9, 10, 11,
12, 8 (reading from left to right across the origin). The reactions
were spotted onto Whatman DE8l DEAE-paper and subjected to high-voltage
electrophoresis in pH 1.9 buffer (2.5% formic acid, 8.7% acetic acid,
0.001 � EDTA). lodo-CMP can be seen as the spot with highest mobility
that occurs in every lane labeled 4 (T2 RNase digests) and in many of
the lanes labeled 3 (pancreatic RNase digests). This position was

confirmed directly by running iodo-CMP obtained by RNase T2 digestion
of iodo-poly(C) as in Figure 4A, lane 3.
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Table II

Sequence assignment of RNase Tl-resistant oligonucleotides

from l25r-labeled HeLa 5S RNA (see Figure 7D)

Oligo- Sequence
nucleo- Assignmentb Pancreatic RNase
tide (Forget and Digestion RNase U2

number Weissman, 1967) Products Digestion Products

1 CCAUACCACCCUG AC,C

2 AAUACCG AC,C CCG

3a AC,C CCG

4 AUCUCG C UCUCG

5 MCG

l AAC,C CUAAG,AACG,ACG,CG
mixture

CUAAG

6 ACCG AC,C CCG

7 CCCG C CCCG

8 UACUUG AC CUUG

9 CCUG C CCUG

10 UCUG C UCUG

11

CUGl
C CUG,UCG

mixture
UCG

12 CG C CG

Secondary Analyses

art was not possible to assign a sequence to oligonucleotide number 3.
The intensity of this spot in the l25r fingerprint (Figure 7C) was

much reduced indicating that it may be from a minor species of 5S
RNA which copurifies with the major species. This interpretation is

supported by the presence of a minor spot in this same position in

the 32p fingerprint (Figure 7A). The sequence of this oligonucleo­
tide appears to be related to that of spot number 2.

b
Three C-containing oligonucleotides present in HeLa 58 RNA were not

identified within the 125r fingerprint shown in Figure 7C. These

were spots e and g (CAG and CUUOH) and one component of spot 4

(UCUACG), using the designations of Figure 7B and Table I. These

anomalies are discussed in the text.
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t e 1ngerpr1nt as 1 t e ana ogous 0 19onuc eotide in the P

fingerprint (compare Tables 1 and II and Figures 7B and 7D). Thus,
we conclude that direct comparisons can be made between 32p and 1251
fingerprints. In addition, the assignment of sequences to a number of

oligonucleotides in Figure 8 permitted us to begin to compile a cata­

logue of mobilities for l25I-labeled oligonucleotides at pH 1.9

(Figure 9).

There are two anomalies in the data obtained from secondary

analyses of the l25I-labeled oligonucleotides. Oligonucleotide
number 3 does not contain the sequence CUAAG. Instead it contains

a sequence which appears to be related to the sequence of oligonucleo­

tide number 2: AAUACCG. It is not surpr1s1ng that number 3 of the

1251 fingerprint is different from number 3 of the 32p fingerprint

since its mobility in the second dimension is slower than that of the

32P-labeled oligonucleotide number 3. Furthermore, the intensity of

h
0

Ln vth 1251 f
0 0

h d dOd
0 0

h
"

t 1S spot 1n t e 1ngerpr1nt was muc re uce 1n 1cat1ng t at 1t

may be from a minor species of 5S RNA with a slightly different

sequence. This interpretation is supported by the presence of a

minor spot in the analogous position of the 32p fingerprint (Figure

7A). However, this still leaves the problem of locating the CUAAG

which we have shown is present in HeLa 5S RNA and should be iodinated

since it contains a cytidylate residue. Closer examination of the

data for oligonucleotide number 5 from the 1251 fingerprint reveals

that there is a contaminant of the AACG which has C as its only pan­

creatic RNase digestion product and has a mobility just a little

slower than that of AACG when rerun with no prior digestion. These

data suggest that CUAAG might run very close to AACG in the 1251
fingerprint.

The second problem is that neither CAG nor UCUACG were found in

the 1251 fingerprint. Recent experiments by E. Pelle of The Rocke­

feller University have shown that CAG is sometimes present in the

1251 f
0 0 0 "0

1ngerpr1nt in a position analogous to the one 1t occup1es 1n
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Hobilities of 125I-labeled oligonucleotides at pH 1.9 (see Figures
7 and 8 and Tables II and III).
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the 32p fingerprint (personal communication, 1976; for an example of

a l25I-labeled 5S RNA in which CAG is clearly visible see Figure 3B).
E. Pelle has also confirmed that CUAAG runs between the positions of

oligonucleotides number 4 and 5 and that it is frequently a contami­

nant of spot number 5 (AACG). However, he finds no evidence of the

presence of UCUACG except possibly as a trace contaminant of spot

b 4 I h 32p f"
"

b 4 dnum er . n t e �ngerpr�nt, num er correspon s to a mixture

of two moles of AUCUCG and one mole of UCUACG. Sequence isomers such

as these almost always run as a single spot in such fingerprints
where the second dimension separation is achieved by ascending

homochromatography.

It is most probable that if UCUACG were present, as a l25I-labeled
oligonucleotide, it would be detected a's a mixture with AUCUCG in spot

number 4 by the presence of CG among the RNase U2 digestion products.

There are two possible explanations for the absence of this oligonu-

1 "d f h 1251 f"
"

I" "bl h h
"

c eot� e rom t e �ngerpr�nt. t �s poss� e t at t e maJor

species of 5S RNA in the HeLa cell cultures from which the unlabeled

RNA was isolated was a different species from the major one present in

both the HeLa cells from which the 32P-Iabeled 5S RNA was isolated and

the KB cells studied by Forget and Weissman (1967). A second possi­

bility is that the two cytidylate residues in UCUACG are somehow

protected from iodination. Forget and Weissman (1967) have proposed

that 55 RNA could contain secondary structure including base pairs
between residues 1 through 9 and 118 through 110, thus joining the

5'-end to the 3'-end of the molecule as in the cloverleaf model for

tRNA. UCUACG represents residue 2 through 7. Several studies have

suggested that C's within helical regions have a much reduced rate of

iodination in comparison to those in single-stranded regions (Commer­

ford, 1971; Varricchio and Prensky, in prep.). In further support of

this idea, Forget and Weissman propose that there is a second region
of hydrogen bonding within KB cell 5S. The only distinctive Tl­

resistant oligonucleotide in this second region is CCCG (spot number

7" h
125

Ld
•

�n t e I fingerprint, Figure 7B). If all cytidylate res� u�s �n
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the 55 molecule have an equal chance of being iodinated, we would
125

expect CCCG to have three times more I than the amount found in

AACG (spot number 5). A visual inspection of the 1251 fingerprint
shown in Figure 3B indicates that this is not the case. In fact, AACG

appears to be more heavily labeled than CCCG. This observation,
coupled with the fact that the oligonucleotide UCUACG can not be

detected at all, suggests that these regions have reduced accessibil­

ity to the iodination reaction.

Because of these indications that RNA regions with double helical

structure might be less readily iodinated under our reaction condi­

tions, it was necessary to define more carefully both the capabilities

and the drawbacks of the iodination reaction. In order to do this

we asked two questions: (i) Does the temperature of iodination radi­

cally affect the fingerprint) (ii) Is there any intrinsic bias

involved in iodination (for example, nearest neighbour cytidylate

residues can never both be iodinated) which would prevent a random

distribution of iodo-C residues? Once again, HeLa 55 RNA was used as

the model RNA species for these studies.

Effect of Temperature on Iodination

As documented by Commerford (1971) single-stranded DNA is more

susceptible to iodination than double-stranded, and the rate of iodi­

nation increases as temperature increases. When taken together with

the tendency of nucleic acid secondary structure to become less stable

with increased temperature, these properties could cause different

patterns of iodination under different conditions. Because of techni­

cal difficulties involved in handling both the tiny volumes and the

relatively high amounts of radioactivity used in these reactions, it

is extremely difficult to achieve precise control of the temperature

and duration of the reaction. Thus, it would be most convenient if

we could find a reasonably broad range of temperatures of iodination

which would yield essentially the same fingerprints. HeLa 55 RNA
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iodinated at either 400 C or 70° C was digested with RNase Tl and

fingerprinted (Figures lOA and lOB). These fingerprints were com­

pared with that obtained after iodination under conventional condi­

tions (600 C; Prensky, 1975) (Figure 3B). No significant changes in

the distribution of radioactivity to the various oligonucleotides can

be detected. More extensive studies on the effect of temperature

do. d Lna t J h d· Lbut i f 1251 .

h· hurlng 10 lnatl0n upon t e lstrl utlon 0 Wlt ln t e cytidylate
residues of HeLa 5S RNA have been carried out by Jacobson, Housman,

and Prensky (1973) with essentially the same results. However, in

some cases (one is shown in Figure 11) the Tl fingerprint of HeLa 5S

demonstrates a much more representative amount of label in both the

CAG spot and the CCCG spot. The reason for this still remains a

mystery.

A clue to such variation may be found in some recent work by

Varrichio and Prensky (manuscript in preparation). In the case of

!. coli formylmethionine transfer RNA (an RNA species with substan­

tially more secondary structure than the ribosomal 5S RNA), these

authors observed a profound effect of the presence of low concentra­

tions of magnesium ions on the accessibility of various regions of

the tRNA to the iodination reaction. It could be that RNA samples

differing from each other by the presence or absence of low amounts

of cations could lead to the differences observed between fingerprints
such as Figure 3B, 7C, lOB and llA.

The main point to make for our purposes, however, is that the

fingerprints obtained after iodination at these three widely spaced

temperatures are remarkably similar. Each one can be recognized

readily as a HeLa 5S Tl fingerprint. Thus, for comparative finger­

printing studies of single-stranded ��A's, the choice of temperature

of iodination should not be crucial within a fairly broad range. When

previously uncharacterized RNA species are studied, however, they
should be iodinated under conventional conditions and also at elevated

temperatures. Examination of subsequent Tl fingerprints would indi-
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Figure 10

The effect of temperature upon iodination of HeLa 58 RNA.
Iodination was carried out at 400 C and 700 C and the resulting 1251-
labeled RNA yielded Tl fingerprints shown in (A) and (B) respectively.
These fingerprints can be compared with the Tl fingerprint of 1251_
labeled HeLa 58 RNA in which iodination was carried out in the con­

ventional manner at 600 C in Figure 3B.

33
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cate whether there are any regions protected from iodination at 600 C

which become accessible at, for example, 750 C. A related problem--to

determine the conditions needed to iodinate efficiently the cytidylate
residues within regions of biologically derived double-stranded ��A-­

is currently under study.

Is Iodination Random?

Ideally, for sequence studies, we should have access to methods

of iodination that result in essentially random labeling of all of the

cytidylate residues to a high specific activity without bias with

respect to the nearest neighbor of the residue to be modified. In

order to test for the presence of such bias, we have Rrepared a series

of HeLa 5S RNA samples iodinated to different extents (1 to 28%) (see

Prensky (1975) for details of methods). Because the presence of one

iodinated cytidylate residue in an oligonucleotide caused a shift to

a faster mobility in the first dimension of fingerprints, it is not

surprising to find that the presence of two iodinated cytidylate
residues within the same oligonucleotide will cause it to migrate even

fas·ter in the first dimension. Most of the iodinated RNA species

discussed up to this point have had specific activities ranging from

106 to 108 cpm per microgram. This corresponds to iodination of from

.048 to 4.8% of the cytidylate residues (see Appendix I for the method

of calculation of percentage iodination from the specific activity of

labeling). Even at a specific activity of 108 cpm per microgram, the

probability of finding two iodinated cytidylate residues within one

oligonucleotide is very small. However, if the percentage iodination

is increased so that about 25% of the C's become iodinated, it is

clear that oligonucleotides such as the largest Tl-resistant oligo­
nucleotide of HeLa 5S RNA (CCAUACCACCCUG) should contain anywhere from

one to seven iodo-C residues. Furthermore, if iodination is random,

the distribution of oligonucleotides containing various extents of

iodination should follow a Binomial distribution. Figures llA and lIB

show two fingerprints of HeLa 5S RNA iodinated to 1% and 28% of the
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Increased levels of iodination of HeLa 5S RNA. Two aliquots of
HeLa 5S RNA were iodinated to specific activities corresponding to 1%
and 28% of the cytidylate residues. (A) Tl fingerprint of 106 cpm of
HeLa 5S RNA with 1% of the e's iodinated. (B) Tl fingerprint of 107
cpm of HeLa 5S RNA with 28% of the e's iodinated. (See the text and

Appendix II for an analysis showing that iodination is random.)
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CIS respectively. In Figure lIB the five evenly spaced spots arranged
in a horizontal row near the bottom of the fingerprint represent the

oligonucleotide CCAUACCACCCUG with 1, 2, 3, 4, or 5 of its CIS iodi­

nated (reading from right to left within the fingerprint). Comparison
with the fingerprint in Figure llA shows that, in the case of 1% iodi­

nation, only one spot appears in this region. Longer exposure of the

fingerprint in Figure lIB indicates the presence of a sixth and even

possibly a seventh spot in the horizontal row. These spots were cut

out and counted in a gamma counter. The proportion of 1251 gamma cpm

recovered from each position was calculated and the results compared
with those expected on the basis of a Binomial distribution of iodina­

tion events (see Table III). Fortunately, this l3-nucleotide fragment
is located within what is thought to be a purely single-stranded region
of the 5S RNA (Forget and Weissman, 1967) so that its iodination should

not be subject to temperature and cation effects of the type discussed

in the preceding section.)

Table III

Comparison of Experimentally Determined Distribution of

Iodination and a Random Distribution Calculated from the

Binomial Distribution

"n" Percentage Percentage
Number of of 1251 expected based
iodo-C's Gamma recovered from on Binomial

in oligo- counts per the spot with Distribution (see
nucleotide minute "n"C's labeled AEEendix II)

1 17,660 13.7 13.92

2 34,406 27.0 32.49

3 33,798 26.5 31.65

4 23,627 18.5 16.38

5 13,430 10.5 4.77

6 3,501 2.7 0.74

7 781 0.6 0.05
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Because the distribution of 1251 does not diverge markedly from

the Binomial Distribution, we conclude that there is no bias in iodi­

nation with respect to preferred nearest neighbor and further, that

as the extent of iodination is increased, there is no hindrance to

the iodination of all the C's present. Thus, it should not be diffi­

cult to obtain RNA labeled to very high specific activity with never­

theless a random distribution of the iodo-C's throughout the molecule

for the purposes of RNA sequence determinations�

Approaches to Sequence Analysis of Iodinated ��A

It will be intrinsically more difficult to carry out sequence

determination studies with l25I-labeled RNA than with 32P-labeled RNA

since, in the former case, only one of the four bases can be labeled

while in the case of 32p all four can be labeled if so desired. How­

ever, one rationale that could be applied to iodinated RNA's has been

investigated. Spleen phosphodiesterase is a commercially available

exonuclease capable of digesting RNA in a stepwise fashion in a 5' to

3' direction. If we obtain iodinated oligonucleotides that have

iodo-C at their 3'-termini, digest them with spleen phosphodiesterase,

and analyze the products by two-dimensional fingerprint analysis, it

should be possible to determine, from the change in mobility with each

subsequent loss of a base, what the sequence of the oligonucleotide
is. This approach was originated by Ling (1972) who studied 32p_
labeled polypyrimidine tracts from bacteriophage DNA. Of course any

such approach would have to be supplemented by other analyses in order

to obtain conclusive evidence for the presence of a particular

sequence. Figure 12 illustrates a preliminary attempt to apply this

rationale. The oligonucleotide AAUACCG has been eluted from a TI

fingerprint of l25I-labeled HeLa 5S RNA, digested partially with spleen

phosphodiesterase, and fingerprinted (Figure 12A). A schematic

drawing of the proposed partial products of digestion are indicated

in Figure 12B. Thus, this exonuclease appears to work just as well
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Fingerprint of a spleen phosphodiesterase digest of the iodinated

oligonucleotide AAUACCG from HeLa 5S RNA. The l25I-labeled oligo­
nucleotide was incubated in 2 microliters of 1 mg/ml enzyme in buffer

containing 0.1 M ammonium acetate (pH 5.5) - 0.002 M EDTA - 0.05%
(v/v) Tween 80 (Atlas Chemical Industries) for 0-100 minutes and

fingerprinted using the conventional techniques: (A) Fingerprint of
the partially digested oligonucleotide. (B) Schematic drawing indi­

cating the proposed partial cleavage events (Barrell, 1971; Ling, 1972).
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32
on iodinated oligonucleotides as it does on P-labeled oligonucleo-
tides (Pieczenik et al., 1974).

Further studies of this kind have been conducted by S. Legon of

this laboratory, who has combined partial spleen exonuclease digestion
with partial digestion by other nucleases in order to obtain sequences

from the ribosome binding sites of rabbit globin mRNA. During these

studies S. Legon showed that it is possible to obtain the expected

specific C-terminated oligonucleotides from a pancreatic RNase digest
of l25I-labeled RNA containing U residues chemically blocked from

nuclease digestion (Gilham, 1962; Barrell, 1971).

SUMMARY AND CONCLUSIONS

While earlier studies had shown the usefulness of iodinated RNA

for in situ hybridization (Prensky et al., 1973), it remained to be

shown that the distribution of the iodinated residues within the RNA

was sufficiently random and reproducible for it to be employed in

fingerprinting and sequencing analyses. The studies presented in this

chapter have established the following points.

1. Fingerprints of iodinated bacteriophage f2 RNA and human 5S RNA

resemble those of their non-iodinated counterparts both in

complexity and in specific pattern.

2. Base composition analyses using RNase T2 on both poly(C) and

biological RNA's has shown that over 95% of the 1251 label is

present as iodo-C.

3. Alkaline hydrolysis of iodinated RNA under conditions of conven­

tional base composition analysis leads either to deamination or

de-iodination of most iodo-C residues and production of either

iodo-U or non-iodinated C.

4. The mobility of iodinated oligonucleotides differs from the non­

iodinated counterparts in all electrophoretic systems tested,

whereas they are not significantly different when subjected to
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ascending homochromatography. RNA doubly labeled in its cytidylate
residues with l4C and l25r was used to show that a two-dimensional

fractionation using a homochromatographic second dimension gives
the best comparison between iodinated and non-iodinated ��A. 5uch

l4C d l25r f·
.

f d d
.

ff ban 1ngerpr1nts were oun to 1 er y a systematic

shift to a higher first dimension mobility on the part of the

iodinated oligonucleotides.

5.
. .

1· f 1· Leo t Ld f
32

Comparat1ve enzymat1c ana YS1S 0 0 19onuc eot1 es rom P- and

l25r-labeled HeLa 55 RNA demonstrated that the ribonucleases nor­

mally used for RNA sequence analysis (RNases Tl, T2, U2, pancre­

atic RNase and spleen phosphodiesterase) cleave iodinated RNA with

unaltered specificity.

6. A catalogue of electrophoretic mobilities at pH 1.9 of iodinated

oligonucleotides has been compiled.

7. Analysis of the distribution of l25r in HeLa 55 RNA containing 1%

or 28% iodo-C residues has established the essentially random

nature of the iodination reactions used here when applied to

single-stranded RNA species.

These studies have established a new approach for RNA sequence

analysis, which has already been used to investigate properties of

eukaryotic RNA species previously inaccessible to such techniques.
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CHAPTER II

STUDIES ON VIROID RNA

The spindle tuber disease of potato has been recognized as an

economically important disease for many years (Schultz and Folsom,

1923). Symptoms including stunted foliage (Figure l3A and 13B) and

disfigured tubers can cause crop reductions of 64% in affected plants

(Singh et a1., 1970; Singh et al., 1971). The disease is thought to

be transmitted horizontally by means of harvesting equipment (Goss,
1926) while vertical transmission occurs with high frequency through
the true seed (Singh, 1970; Singh and Finnie, 1973).

Thus, as characterized by both its symptoms and natural means of

transmission, spindle tuber disease of potato is similar to many plant
virus diseases (Diener and Raymer, 1971). On the other hand, no

virus-like particles could be found in extracts of diseased tissue

(Diener and Raymer, 1969; Diener, 1971a). In fact, the infectious

agent seemed to possess the properties of a free nucleic acid (Raymer
and Diener, 1969). This surprising discovery was followed by a series

of studies by Diener and colleagues which led, three years later, to

the isolation of a low molecular weight species of RNA, detectable

only in diseased plants, whose electrophoretic mobility in 20% poly­

acrylamide gels coincided exactly with that of the mysterious infec­

tious agent (Diener, 1972).

Because the pathogen was infectious as free RNA and did not seem

to contain sufficient genetic information for self-replication ("gen­
ome" size was estimated at 2.5 x 104 - 1.1 x 105 daltons), it seemed

likely that the infectious entity depended for its replication upon

biosynthetic systems present in the uninoculated plant (Diener, 1971b).

The dramatic differences observed between this infectious free RNA

molecule and the conventional virus systems led Diener to propose that

the term "viroid" be adopted to designate potato spindle tuber "virus"
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Figure 13A

Comparison of healthy and PSTV-infected tomato plants. Seedlings
of Lycopersicon esculentum cv. Rutgers were inoculated with PSTV at

the four-leaf stage and grown in the greenhouse for three weeks. The

plant on the left hand side is the PSTV-infected specimen. The

healthy plant on the right is the same age ..
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Figure l3B

Comparison of leaves removed from the PSTV-infected plant shown
in Figure l3A with those removed from an uninfected plant of the same

age.
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RNA and all other RNA's with similar properties (Diener, 1971b). Pre­

viously the term "viroid" had been defined as "any prophylactic vac­

cine" (Stedman's Medical Dictionary, 1961) or "any biological specific
used in immunization" (Dorland's Illustrated Medical Dictionary, 1965).
In 1946 the term was redefined by Altenburg as hypothetical, ultra­

microscopic organisms that are useful symbionts, occur universally
within cells of larger organisms, and are capable, by mutation, of

giving rise to viruses. These two earlier meanings of the word "vi­

roid" were judged to be obsolete (Diener, 1973) at the time it was

defined for a third time (Diener, 1971b). With the exception of Singh
and colleagues who in 1973 coined the term "metavirus" (meaning "after"

or "beyond" viruses) to refer to this same class of plant pathogens

(Bagnall et al., 1973), other workers in the area have accepted Dien­

er's terminology�

Other Diseases Caused by Viroids

Since Diener demonstrated the existence of the potato spindle

tuber viroid (PSTV) three other plant diseases have been linked direct­

ly with the presence of a viroid: (i) citrus exocortis viroid (CEV)

(Semancik and Weathers, 1972a; Sanger, 1972), (ii) chrysanthemum stunt

viroid (CSV) (Diener and Lawson, 1973; Hollings and Stone, 1973) and

(iii) chrysanthemum chlorotic mottle viroid (ChCMV) (Romainp and Horst,
1975). In all of these cases, low molecular weight RNA has been iso­

lated from diseased plants, purified by polyacrylamide gel electro­

phoresis, and shown to be infectious (these represent the minimum

criteria necessary to establish the presence of a viroid).

Two additional examples of potential viroid diseases have been

described. Van Dorst and Peters (1974) have reported the existence of

unpublished experiments proving that the pale fruit disease of cucumber

is caused by a viroid (CPFV). Finally, Randles (1975) suspects that

cadang-cadang (a disease of coconut palms of enormous economic impor­

tance in the Philippines) is caused by a viroid. In this case, a low

molecular weight RNA of the appropriate size present only in diseased



45

tissue has been isolated. Unfortunately, it has not yet been possible

to demonstrate infectivity of this new RNA species.

Evidence for the Existence of Viroids

There is no question as to the existence of the plant diseases

mentioned above, nor would anyone question the fact that infectious

entities capable of transmitting these diseases also exist. However,

the prospect that such pathogens might be composed entirely of RNA of

low molecular weight (the estimates range from about 250 to 350 nucleo­

tides), has been seriously questioned by several respected colleagues.

The most powerful evidence available for the existence of a

pathogen with viroid properties comes from the experiments carried out

by Diener (1972) to correlate infectivity with a band of UV-absorbing
material present only in RNA preparations from diseased tissue. Be­

cause these results have been of central importance in moving the study

of viroids from a study of the phenomenology of plant disease into the

arena of the molecular biologist they will be presented in some detail

here. RNA was purified from both healthy and PSTV-infected tomato

plants by a procedure including, among other steps, organic extraction,

DNase treatment, removal of material which precipitates with 2M LiCl

treatment, and fractionation of the resulting RNA on 20% cylindrical

polyacrylamide gels. After electrophoresis sufficient to move 5S RNA

to the bottom of the gel, the optical density profile at 260 nm was

recorded. Low molecular weight RNA from healthy plants was found to

contain three well-resolved unidentified RNA species with electro­

phoretic mobilities slower than that of 5S. PSTV-infected plants con­

tained an additional UV-absorbing species situated between two of

these host-specific RNA species. When the gel was sliced and assayed

for the presence of PSTV, a peak of infectivity was observed whose

position corresponded exactly with that of the UV-absorbing component

present only in PSTV-infected plant RNA.

Two formally acceptable explanations for these results need to be

considered. Either the major component of the new gel band is the
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pathogenic agent itself, or else it is a host-specified product that

is over-produced in the presence of a viroid and, coincidentally, has

precisely the same electrophoretic mobility as the viroid. The proba­

bility that this latter suggestion is true is obviously extremely low.

Nevertheless, direct evidence will be required to eliminate it. Mean­

while, the assumption will be made that the former, more likely expla­
nation is the correct one.

Properties of Viroids

PSTV and CEV are the most well-characterized of the viroids. In

each case, the infectious agent has been identified as a free RNA spe­

cies of low molecular weight, with size estimates ranging from 250 to

350 nucleotides (Diener, 1971b; Diener and Smith, 1973; Semancik and

Weathers, 1972a; Semancik et al., 1973b; Sogo et al., 1973). Recent

evidence indicates that infectious RNA 80 to 100 nucleotides long is

also recovered in the case of infection of Scopolia sinensis by PSTV

(Singh et al., 1974).

Detailed studies by Diener and co-workers have shown that PSTV

replicates in susceptible host species without the assistance of a

helper virus (Diener, 1971b; Diener et al., 1972). Because of their

small size and inability to act as messenger RNA in several cell-free

protein synthesizing systems (Davies et al., 1974; Hall et al., 1974)

it seems unlikely that viroids carry information for the specification
of a complete replicase in their genome. On the other hand, viroid

RNA could, formally speaking, represent the negative strand of a mes­

senger RNA which, when transcribed, would synthesize, for example, a

replicase subunit. The possibility that the viroid genomes have higher

complexity and consist of a number of different RNA fragments of sim­

ilar size was investigated by Diener et ale (1974) who measured the

ultraviolet light sensitivity of PSTV and by Semancik et ale (1973b)

who studied the inactivation of CEV by ionizing radiation. Both groups

concluded that the size of the biologically active unit was approximately

equal to that determined by polyacrylamide gel electrophoretic mobility.
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PSTV and CEV replicate in a wide variety of plants but cause dis­

ease symptoms in only a few; no host has yet been found which responds

differently to the two agents (O'Brien and Raymer, 1964; Singh and

O'Brien, 1970; Singh, 1971; Diener et a1., 1972; Semancik and Weathers,

1972b, c; Singh, 1973). Bioassay has shown that these RNA's produce
identical disease symptoms across a common host range leading to the

suggestion that they may be independent isolates of the same pathogen

(Semancik and Weathers, 1972c; Semancik et a1., 1973a; Singh and Clark,

1973). Others have cited a number of other features which are held

in common in order to lend additional credence to this conjecture:

(i) the thermal stability of both RNA's resembles that of tRNA more

closely than that of double-stranded RNA (Diener, 1972; Semancik et

al., 1975); (ii) the infectivity of both agents is resistant to heat

treatment (Singh and Bagnall, 1968; Semancik et a1., 1973b); and

(iii) the infectious RNA of partially purified PSTV has been observed

to migrate approximately like that of CEV upon electrophoresis in 5%

polyacrylamide gels (Semancik et a1., 1973a).

The work presented in Chapter I demonstrates that RNA fingerprint­

ing and sequencing techniques originally developed using 32P-1abe1ed
RNA species (Brownlee and Sanger, 1969; Barrell, 1971) can be extended

to include applications to RNA labeled in vitro with 1251• We have

therefore subjected l251-1abe1ed RNA of PSTV and CEV to two-dimensional

fingerprinting analysis following specific nuclease digestion to deter­

mine (i) whether these RNA's have complexities consistent with their

reported sizes and (ii) whether PSTV and CEV RNA are identical in

primary structure. A description of these studies, based partially

upon a paper by E. Dickson, W. Prensky, and H. D. Robertson (1975) is

presented in this chapter.

A number of profound biological effects have been linked with the

presence of double-stranded RNA (Robertson and Hunter, 1975). The

possibility that PSTV and CEV might contain extended regions of per­

fect double-stranded RNA was investigated by studying the effect of
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digestion by �. coli Ribonuclease III, an enzyme that digests double­

stranded RNA (Robertson, Webster and Zinder, 1968).

The Viroid Genotype is the Viroid Phenotype

As will be shown in this chapter, the only unique feature a par­

ticular viroid has that allows it to be distinguished chemically from

any other viroid is its RNA sequence. Until a direct assay, such as

fingerprinting of iodinated RNA, is applied to viroids isolated from

various plants, there will be no way of knowing whether the viroid

isolated from a group of diseased plants is the same as the viroid

used to inoculate the plants. The requirement for using such an assay

becomes more obvious in light of observations by D. Peters (personal

communication, 1975), that, in at least some cases, the viroid appears

to change its potential for pathogenicity upon passage through a par­

ticular host. Thus, the possibility that a viroid can be modified by

its host arises. Furthermore, replication of a viroid in its host

plant does not always cause disease symptoms (e.g. PSTV in tobacco;

Diener et al., 1972) and certain mild (Singh et al., 1970) or symptom­

less (Horst, 1975) viroid strains can protect the plant from subsequent

disease caused by pathogenic strains. In order to sort out the rela­

tionships among these RNA species and the relationship, if any, to the

host genomes, it will be necessary to carry out sequence analysis of

a large number of these RNA molecules. One way to embark upon this

long-term project is to begin compiling a file of fingerprints of the

iodinated RNA of any available viroids so that they may be used for

future identification. Then, if host modification does occur, it will

be detectable by a change in the fingerprint. The results of two­

dimensional fingerprint analysis of iodinated RNA from CSV and viroid­

sized RNA from coconut palms with the cadang-cadang disease are

presented in this chapter.

Since the long-term goals of understanding relationships between

viroids and their hosts can only be met if it is possible to charac­

terize a reasonably large sample of viroid RNA's after passage through
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a variety of their hosts, and since, by current technology, substantial

amounts of plant material are required to yield microgram quantities

of viroid RNA, we have been developing techniques for isolation of

highly purified viroid RNA on a micro scale in a form that can be

iodinated. Preliminary results of these studies will be presented.

MATERIALS AND METHODS

Viroid RNA: PSTV RNA isolated from the tomato plant, Lycopersi­

con esculentum (cv. Rutgers), was kindly provided by Dr. T. O. Diener

(U.S.D.A., Beltsville, Md.). CEV RNA isolated from Gynura aurantiaca

was the generous gift of Dr. J. S. Semancik (Univ. of California,

Riverside, Cal.). CSV and the coconut palm RNA's were isolated by Dr.

T. O. Diener (in collaboration with Dr. Randles in the latter case),
and were sent to us for analysis by these investigators.

Iodination, Fingerprinting, and Secondary Enzymatic Analysis of

RNA: see Chapter I.

Polyacrylamide Gel Electrophoresis: All slab gels (20 x 40 x

0.3 cm) had a ratio of acrylamide (Canalco) to bisacrylamide (Canalco)

of 20 to 1. The non-denaturing gels were run at 40 C in buffer

containing 10.8 grams of Tris base, 0.93 grams of disodium EDTA

(ethylenediaminetetraacetic acid) and 5.5 grams boric acid per liter

(pH 8.3) (Peacock and Dingman, 1968). For denaturing gels, the

appropriate amounts of acrylamide and bisacrylamide were dissolved

directly in formamide (99%, MC/B) that had been previously deionized

by treatment with mixed bed resin (Bio-Rad) and buffered by addition

of mono- and di-basic sodium phosphate to obtain pH 7.0 as described

by Duesberg and Vogt (1973). Formamide containing gels were run at

room temperature in 0.04 M sodium phosphate buffer, pH 7.0. Polymer­

ization was brought about by the addition of ammonium persulphate and

TEMED (N,N,N' ,N'-tetramethylethylenediamine; Eastman Kodak Co.) each

to a final concentration of 0.075%. Details of individual runs are

included in the figure legends. The dye marker, bromphenol blue, was
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included in each sample. RNA samples (one to two micrograms each)

were dissolved either in water with 10% sucrose or in buffered

deionized formamide with 10% glycerol. At the end of each run, the

gel was stained for 15 minutes in a solution of methylene blue (0.2%)

containing 54 grams sodium acetate and 9.2 milliliters glacial acetic

acid per liter, and then destained in water.

Purification of RNA by Chromatography on Whatman CFll Cellulose:

see Chapter r Methods and Materials. This procedure is used here

mainly to separate the RNA from contamfnating materials such as Tris

d l·d
. .

d"
" l25r-labeled RNAan acry am1 e pr10r to 10 1nat10n, or to separate

from free l25r anions following iodination.

HCI Precipitation of RNA: This procedure was carried out on a

variety of RNA samples, usually to remove impurities that would inter­

fere either with the iodination reaction or with the fingerprint anal­

ysis. RNA samples were dissolved in 0.3 ml of water (containing 10

micrograms of carrier RNA if an iodinated sample is to be precipitated)
and placed in 12 ml Pyrex siliconized Sorvall centrifuge tubes on ice.

Six microliters of concentrated hydrochloric acid were added to each

tube and the tubes swirled on ice to mix immediately and thoroughly.

Two minutes later, the tubes were transferred to an SS34 rotor of a

Sorvall centrifuge at 40 C and centrifuged at 15,000 rpm for 40 min­

utes. The supernatants were removed carefully with Pasteur pipets and

the pellets (not visible) dried down for 3 to 5 minutes in a vacuum

dessicator. The pellets were then resuspended in two 15 microliter

aliquots of 30% TEC. These washes were frozen and lyophilized in a

vacuum dessicator. After two cycles of resuspending in water and

drying down, the RNA was considered ready for analysis.

RESULTS

Complexity of Viroid RNA

Before the studies reported here were carried out, there was a

formal possibility that viroid RNA preparations were complex mixtures
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of many different RNA species. Comparison of the two-dimensional

fingerprints of RNase Tl digests of l25I-labeled PSTV, HeLa cell 5S

rRNA, and duck globin mRNA (Figure 14) shows that, while PSTV RNA is

more complex than the 5S RNA, it is substantially less complex than the

globin mRNA. Thus, the sequence complexity of the major component of

this viroid RNA preparation is consistent with the size estimate of

250 to 350 nucleotides.

Comparative Studies of PSTV and CEV

Polyacrylamide Gel Electrophoresis: To compare the mobilities of

PSTV and CEV under highly resolved conditions we have used slab gels

(20 x 40 x 0.3 cm) with adjacent slots containing PSTV, PSTV and CEV

mixed, and CEV alone (shown in Figure 15 from left to right respective­

ly). Compositions of the five different gel systems employed for these

studies are described in the legend to Figure 15. In 5% polyacrylamide

gels in borate buffer, pH 8.3 (Figure l5A), each viroid migrates as a

single band with PSTV moving about 3% further than CEV. Previously,
Semancik et ale (1973a) used 5% polyacrylamide 'gels of lower resolving

ability (8 cm cylindrical gels; Tris-acetate-EDTA, pH 7.2, with 0.2%

sodium lauryl sulphate) and found that infectious RNA's of PSTV and CEV

had approximately the same mobilities, although in these studies a 3%

mobility difference such as that shown in Figure l5A would not have

been detected.

vfuen the percentage of the gel is increased to 10% (Figure l5B),
the PSTV a.gain runs as a single band slightly faster than CEV, while

the CEV migrates as two components--the minor one running just barely

faster than the major component, but still slower than PSTV. (This

latter component is very difficult to see in the photographic repre­

sentation of the stained gel.)

When the percent acrylamide is further increased to 15% (Figure

15C) both PSTV and CEV demonstrate two well separated components. Fur­

thermore, the proportion of each viroid RNA present in each component

is different in the mixture of the viroids (Figure 15C, middle lane)
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Figure 14

Comparison of the complexity of PSTV with that of HeLa 5S RNA

and duck globin mRNA. Samples of HeLa 5S RNA, PSTV and globin mRNA
were iodinated and their Tl digests fingerprinted according to the
methods outlined in Chapter I. (A) HeLa 5S Tl fingerprint. (B) PSTV
Tl fingerprint. (C) Duck globin mRNA Tl fingerprint. The upper
regions of all Tl fingerprints contain the same oligonucleotides
(e.g. CG, CUG, ACG, etc.). The lower portions contain the longer
oligonucleotides which uniquely characterize each RNA species. The
size of the longest RNase Tl product increases with an increase in
the complexity of the RNA in question (Jeppesen, 1971).
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Polyacrylamide gel electrophoretic analyses of viroid RNA. PSTV

and CEV RNA's have been run in five different polyacrylamide gel sys­
tems and are shown here side by side for direct comparison. The dis­
tance from the origin (cm) is indicated by the scale on the left sid�
of the figure. In each system three samples were run, always in the
same order from left to right: PSTV (1 microgram); PSTV (1 microgram)
mixed with CEV (1 microgram); CEV (1 microgram). After running, the

gels were stained with methylene blue, destained in water, and photo­
graphed. (A) 5% acrylamide gel in borate buffer, pH 8.3 (40 C, 10
volts per cm, 12 hours). (B) 10% acry1amide gel in borate buffer, pH
8.3 (40 C, 10 volts per cm, 24 hours). (C) 15% acry1amide gel in

borate buffer, pH 8.3 (40 C, 10 volts per cm, 56 hours). (D) 5% acryl­
amide gel in formamide buffered with sodium phosphate pH 7.0 (5 volts

per cm, room temperature, 12 hours). (E) 10% acry1amide gel in forma­
mide buffered with sodium phosphate, pH 7.0 (5 volts per cm, room

temperature, 24 hours). See Materials and Methods for additional
details of gel preparation.
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than when these RNA's are run separately (Figure l5C, outside lanes).

The quantitative differences seen here remain to be explained.

In addition to the polyacrylamide gel analyses described above and

carried out under non-denaturing conditions, two denaturing systems

were also studied. Electrophoresis in 98% formamide-5% acrylamide gels

(Figure 15D) did not reduce either viroid RNA to a single component.

In the case of PSTV a minor component which formed a diffuse band (dif­

ficult to see in the photograph) migrated about 0.4 cm farther than

the major component. The major component of CEV banded just 0.1 cm

behind the major PSTV component. CEV also had a faster moving minor

component which formed a diffuse band about 0.7 cm from the major CEV

component (i.e., just beyond the fastest of the PSTV components). Thus,

under these denaturing conditions, both PSTV and CEV behave as two

separate components with no bands of common mobility.

On the other hand, when these RNA's are run in 98% formamide-lO%

acrylamide gels (Figure l5E) they display major components of identi­

cal mobility. In addition, a minor diffuse band can be seen about one

quarter of the way between the origin and the major band in the case

of PSTV alone (left hand lane). No such component can be detected in

either the middle lane where the two viroids are run as a mixture, or

in the right hand lane where CEV is run alone.

Comparisons Based on Electrophoretic Mobility: RNA species of

identical primary structure which are isolated by identical procedures

should migrate identically in all polyacrylamide gel electrophoretic

systems. On the other hand, relatively minor differences in conditions

encountered during isolation could cause such identical RNA molecules

to assume different secondary structures that would cause them to

migrate differently. It is also possible for RNA molecules of the

same size but entirely different primary structure to migrate identi­

cally in a number of electrophoretic systems. In the case of PSTV and

CEV, components of identical mobility are observed in 98% formamide-

10% acrylamide gels (Figure l5E), while no such identical components
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are seen in any of the other four sets of conditions selected for

study here (Figure 15A-D). In light of the considerations discussed

above, no conclusions about the possibility that PSTV and CEV are

identical can be drawn from these comparative polyacrylamide gel

analyses.

On the other hand, the results of electrophoretic studies of this

type may contain clues to the structure of viroid RNA's. Simple RNA

molecules such as E. coli 5S rRNA have been observed to form two or

more discrete bands upon electrophoresis in 10% gels (Ikemura and

Dahlberg, 1973). In addition, studies in which two components were

resolved upon electrophoresis of formylated PSTV RNA have been reported

(Diener and Smith, 1973). Thus, it is possible that viroid RNA exists

in more than one native structure, or that there is more than one

stable configuration which it can adopt once it is obtained in highly

purified form. Because, in our studies, the two components sometimes

occur in approximately equal amounts (e.g. Figure 15C) it seems unlike­

ly that all of the second components observed could be due to minor

contamination of viroid preparations by host RNA species. In any

case, it should be possible to shed further light on the subjects of

structure and composition of the infectious RNA's of viroids by com­

bining polyacrylamide gel fractionation with two-dimensional RNA

fingerprinting analyses.

Comparative Fingerprinting of PSTV and CEV RNA's: PSTV and CEV

RNA's were labeled in vitro with 1251. Although this procedure leads

to some random breakdown of the RNA, both PSTV and CEV were shown to

contain major components migrating at the position of the intact

species in 10% polyacrylamide gels after iodination was carried out.

Fingerprints of RNase Tl digests of the iodinated viroid RNA's

are shown in Figure 16. RNase Tl cleaves after all G residues, pro­

ducing oligonucleotides such as CpGp, UpGp, CpUpGp etc. Only those

fragments containing C are visible in autoradiograms of fingerprints
since C is the only residue labeled to a significant extent in the

chemical iodination procedure (see Chapter I). Since the small oligo-
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Figure 16

Ribonuclease Tl fingerprints of l25I-labeled PSTV and CEV RNA.
About 1 x 106 dpm of l25I-labeled RNA were mixed with 10 micrograms
of bacteriophage f2 RNA and digested with 2 micrograms of RNase Tl
in 2 microliters of 0.01 M Tris.HCl (pH 7.5) - 1 roM EDTA for 40 min­
utes at 370 C. Reaction mixtures were fingerprinted as described in

Chapter I. In the configuration shown here, the first dimension was

from right to left and the second was from bottom to top as shown by
the arrows. (A) PSTV RNA iodinated in vitro to a specific activity
of 12 x 106 dpm per microgram. (B) CEV RNA iodinated in vitro to a

specific activity of 18 x 106 dpm per microgram.
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nucleotides have a high probability of occurring in any RNA molecule,
the upper portions of the PSTV and CEV fingerprints are quite similar.

For the purposes of comparison, it is therefore necessary to focus

attention upon the patterns displayed in the lower portions of the

fingerprints where the longer, more characteristic oligonucleotides

appear. Inspection of thePSTV and CEV fingerprints shown in Figure

16 reveals that the patterns in these lower regions are completely
different from each other. In fact, when the two iodinated ��A's were

mixed together, digested with RNase Tl, and fingerprinted together,

all of the large oligonucleotides (14 of the total 25 to 27 oligonu­

cleotides) with the exception of a minor one which migrates as the

lowest leftward spot in the CEV fingerprint, could be identified

separately. Since oligonucleotides which run in different positions

always represent different sequences, then the minimum difference

between the primary sequences of PSTV and CEV is 13.3% (i.e., at least

one base change in each of 14 fragments of average length 7.5 nucleo­

tides).

If the X-ray films used to detect the distribution of radioactiv­

ity in the Tl fingerprints of PSTV and CEV are allowed to become over­

exposed, a set of minor spots emerges with a complexity about two to

three times that of the major family of spots visible in the finger­

prints shown in Figure 16. It is probabl� that this is due to the

presence of low amounts of host RNA in the viroid preparations which

could represent as much as 10% of the total iodinated material. One

alternative possibility is that these low intensity spots are the

result of lowered iodination efficiency in regions of the RNA with

secondary structure. This has been ruled out by carrying out test

iodinations at temperatures up to 800 C--we11 above the melting point
of the viroid RNA's (Diener, 1972; Semancik et al., 1973b). Identical

fingerprints were obtained in these studies (unpublished results). A

final possibility is that the infectious RNA species is not the major

component of the viroid RNA preparations. If this is the case, then

the major RNA species would at least have to be induced by viroid
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infection since this component is not seen in 20% polyacrylamide gels
of RNA from uninfected plants (Diener, 1972). Then it would seem a

remarkable coincidence that the infectious RNA migrates in these gels

exactly with a host RNA induced by its presence. One definitive way

to check this possibility would be to determine the sequence of the

major component of the viroid RNA preparation, synthesize RNA with

this sequence, and then test its infectivity. Alternatively, contin­

ued study of the major components by determining, for example, whether

or not their specific cleavage leads to loss of infectivity, may

reveal whether or not they represent the infectious species.

Two-dimensional fingerprinting analyses of the pancreatic RNase

digestion products of iodinated PSTV and CEV are shown in Figure 17.

Since this enzyme cleaves after all pyrimidines, the average size of

fragments produced is about half that produced by RNase Tl treatment.

Each fingerprint has six spots corresponding to oligonucleotides larger
than trimers, three of which have identical mobilities. The average

size of these large pancreatic RNase-resistant oligonucleotides is 5.1

bases. Thus, the minimum difference between PSTV and CEV ��A sequences

estimated from these fingerprints is 9.8% (i.e., at least one base

change in three out of six fragments of average length 5.1 nucleotides).

Thus, we have shown by comparative two-dimensional fingerprinting

analyses of l25I-labeled RNA from PSTV and CEV that the major RNA com­

ponents of these two viroids are not identical. (If, as discussed

above, a minor component should turn out to be responsible for PSTV

and CEV infectivity, then the formal possibility remains that these

two agents are identical.) The minimum difference between the primary

structures of the two major species is about 13% as estimated from a

comparison of fingerprints of RNase Tl digests (Figure 16) and about

10% as estimated from fingerprints of pancreatic RNase digests (Figure

17). These estimates are based on the assumption that oligonucleotides

which contain C are representative of the whole molecule. While the

technique of comparative fingerprinting analysis is extremely sensitive

for detecting minor differences in closely related RNA molecules {i.e.,
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Figure 17

125
Pancreatic ribonuclease fingerprints of I-labeled PSTV and

CEV. About 1 x 106 dpm of 125I-1abe1ed RNA were mixed with 10

micrograms of bacteriophage f2 RNA and digested with 2 micrograms of

pancreatic ribonuclease in 2 microliters of 0.01 M Tris.HC1 (pH 7.4) -

1 mM EDTA for 30 minutes at 370 C. Two-dimensional fingerprinting
analyses were carried out as detailed in Chapter I. The origin is at

the lower right; the electrophoretic first dimension was from right
to left, and the second dimension (homochromatography) was from the
bottom of the picture to the top. (A) PSTV RNA iodinated in vitro to
a specific activity of 12 x 106 dpm per microgram. (B) CEV RNA iodi­
nated in vitro to a specific activity of 18 x 106 cpm per microgram.
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those differing by less than 10% in sequence, Robertson and Jeppesen,

1972), it is not possible to determine, by this technique alone, what,
if any, is the actual percentage relatedness of two RNA species. Fur­

ther study will be required to reveal whether PSTV and CEV contain

regions of partial homology or whether they are entirely unrelated in

sequence.

A Search for Double-stranded RNA within PSTV and CEV

Because of the dramatic inhibition of in vitro protein synthesis

by negligible amounts of double-stranded RNA and the involvement of

double-stranded RNA in interferon induction, it seemed possible that

the pathogenicity of viroid RNA might also be an effect of double­

stranded RNA. To test for the presence of such regions, we incubated

PSTV (1 microgram per reaction) and l25I-labeled CEV (20,000 cpm per

reaction) with!. coli Ribonuclease III (Robertson, Webster and Zinder,

1968). This enzyme is capable of reducing double-stranded RNA to TCA

(trichloroacetic acid) solubility under the conditions of these reac­

tions. Each viroid underwent four different treatments: incubation at

370 C for 40 minutes with no RNase III present, and incubation in the

presence of RNase III in low salt buffer, or high salt buffer, or high

salt buffer with added magnesium. This range of conditions has recently

been shown to allow RNase III to demonstrate its full capacity to

cleave RNA (see Chapter III; Dunn, 1976).

After incubation with RNase III, the viroid samples were run on

a 7.5% polyacrylamide gel as shown and described in Figure 18. No

change is observed in the amount of material in the viroid gel band

for any of the reactions. Furthermore, when PSTV was incubated with

RNase III and then tested for infectivity by Dr. T. O. Diener, no

significant loss in infectivity was detected (Diener, personal communi­

cation, 1974). Since RNase III requires either an extended region of

perfect double-stranded RNA (about 25 or more base pairs) or a highly

specialized RNA sequence (Robertson and Hunter, 1975; Robertson and

Dunn, 1975; see Chapter III) in order to cleave an RNA molecule, we

conclude that neither PSTV nor CEV contain such a region.
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Figure 18

E. coli RNase III treatment of PSTV and CEV. 1 microgram of
PSTV or 20,000 cpm of l25I-labeled CEV were incubated at 370 C for 40
minutes either with no RNase III (lane 1), or with RNase III in high
salt buffer (lane 2), in low salt buffer (lane 3), or in high salt
buffer with magnesium ions (lane 4) under conditions that would render
double-stranded RNA TCA-soluble in 20 minutes. (A) PSTV treated as

described with RNase III, run on a 7.5% polyacrylamide gel, stained
with ethidium bromide and photographed. (B) 125I-Iabeled CEV treated
in the same way as the PSTV (except here the position of the CEV was

detected by X-ray film).
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Characterization of Other Viroid RNA's

As outlined in the introduction to this chapter, when a viroid is

discovered, it is important to fingerprint its RNA since the RNA

sequence of a viroid represents its only known intrinsic property

which is unique. The fingerprint will give a good indication of the

degree of purity of the sample and show whether a unique species of

RNA is present that is missing in the uninfected plant RNA.

Two such studies have already been carried out. In each case,

RNA was purified in Beltsville by T. O. Diener and sent to us for

fingerprinting assays. The samples were repurified by Whatman CFll

cellulose chromatography to remove trace contaminants that inhibit

the iodination reaction (such as soluble acrylamide, Tris, SDS, etc.).

After ethanol precipitation, one microgram was subjected to iodination

and Tl and pancreatic ��ase fingerprints performed. Such an analysis

of CSV RNA is represented in Figure 19. Visual inspection reveals that

this RNA is highly purified (free of significant contamination by host

RNA), and has a complexity similar to that of PSTV and CEV. Figure

20 shows an identical study carried out on the RNA species that appears

during cadang-cadang infection. In this case, gel bands were cut out

from the healthy RNA gel fractionations from the position corresponding
to the new RNA species observed in the RNA from diseased plants. When

the Tl and pancreatic RNase fingerprints of these RNA's were compared

(Figures 20 and 21) it was obvious that the new RNA species associated

with diseased tissue is not present in RNA from healthy tissue in de­

tectable amounts. Furthermore, this new RNA species has a complexity

very much like the three viroids PSTV, CEVand CSV.

Progress on the Purification of Viroids

There are two basic technical problems to be overcome before it

will be possible to isolate viroid RNA from a small sample of plant

tissue (1-2 grams) in a form of high enough purity to allow iodination

and fingerprint analysis. (i) A micro extraction procedure must be

developed which can separate all of the RNA from other cellular com-
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Figure 19

T1 and Pancreatic RNase fingerprints of chrysanthemum stunt

viroid RNA (received for assay from T. O. Diener). Iodination and

fingerprinting were carried out as described in Chapter I. (A) T1

fingerprint of CEV. (B) Pancreatic RNase fingerprint of CSV.
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Tl fingerprints of iodinated cadang-cadang associated RNA species
of coconut palms (A) and the RNA of similar mobility from healthy
coconut palms (B).
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Figure 21

Pancreatic RNase fingerprints of iodinated cadang-cadang
associated RNA species of coconut palms (A) and the RNA of similar

mobility from healthy coconut palms (B).

65



66

ponents without RNA breakdown and without disproportionate loss of some

RNA species. (ii) A method for extracting as little as 0.5 to 1 micro­

gram of RNA from polyacrylamide gels in a carrier-free state must be

developed which yields acrylamide-free RNA for subsequent iodination.

We have devoted considerable effort to both of these problems. Only
the second one has so far yielded a complete solution. While we have

succeeded in extracting intact RNA from plant tissue and in obtaining

good resolution between RNA species in the viroid size range in poly­

acrylamide gels, the relative proportions of individual RNA species

varies in an unpredictable way from one preparation to another.

Our method for extraction of RNA from polyacrylamide gels in a

form suitable for iodination is as follows. Gel bands containing as

little as 0.5 microgram RNA are homogenized (25 strokes) in a teflon­

glass siliconized Dounce homogenizer at room temperature in 1 ml TSE

buffer (0.05 M Tris-HCl, pH 7.0, 0.1 M NaCl, 0.001 M EDTA) and 0.5 ml

phenol. The homogenate is poured into a siliconized 12 ml Pyrex

Sorvall centrifuge tube. The Dounce apparatus is rinsed out with an

additional 0.5 ml TSE (10 strokes) which is added to the centrifuge

tube. The sample is centrifuged in the Sorvall SS34 rotor at 15,000

rpm for 10 minutes and the aqueous upper layer removed carefully. The

lower layer is re-extracted with 1 ml TSE and 0.2 ml chloroform by

vortexing for 2 minutes and centrifuging again. The aqueous super­

natant is pooled with the others in an unsiliconized 12 ml Pyrex

Sorvall centrifuge tube. After 10 minutes of centrifugation at 15,000

rpm, the aqueous supernatant is removed and prepared for Whatman CFll

cellulose chromatography by the addition of an equal volume of ethanol.

This mixture is loaded onto a CFll column (prewashed with TSE and

TSE-50% ethanol; column has bed volume of 0.2 cc and is packed in a

1 ml glass disposable syringe with glass wool plug), washed exten­

sively with TSE-50% ethanol and then with TSE-35% ethanol. Finally

the RNA is eluted from the column with 0.3 ml of TSE. HCl precipita­

tion is then carried out as described in Materials and Methods.
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After the second water wash following TEC resuspension of the

precipitated RNA, the RNA is resuspended in 0.1 ml of water and its

spectrum is analyzed using a Gilford Spectrophotometer equipped with

microcuvettes. The samples are dried down for the last time and sub­

jected to iodination.

Following iodination (which usually yields 1-5 x 106 cpm per

microgram), the RNA is repurified on CFll as described above. This

time 10 micrograms of carrier RNA are added and the iodinated RNA is

ethanol precipitated overnight (see Method and Materials, Chapter I).

The RNA is then resuspended in 0.3 ml water and HCl precipitated. The

HCl precipitate is resuspended in 30% TEC, dried down, resuspended in

water, dried down, and washed twice more with water. Finally, the RNA

is fingerprinted.

With this technology in hand, it is now possible to ask whether

viroids "breed true" when grown in different host plants, or whether

they are modified in some way. In order to investigate this question

it is necessary to grow a particular viroid in a variety of different

hosts, isolate the lower molecular weight RNA species, subject them

to the purification scheme outlined above, iodinate and fingerprint
them and finally compare the fingerprints with those studied previous­

ly. For example, we have inoculated Rutgers tomato plants with CEV

originally isolated by J. S. Semancik from Gynura aurantiaca. There

are three possible outcomes to such an experiment: the viroid finger­

print obtained from the infected tomato leaves could (i) be identical

to CEV, (ii) be identical to PSTV, or (iii) have a new pattern. Either

of the first two results would be unambiguous.

However, none of the RNA species characterized so far demonstrates

a fingerprint like that of PSTV or CEV. Thus the third alternative-­

that the viroid RNA which replicates in tomato plants as a result of

infection by CEV from Gynura aurantiaca is different from both PSTV

and CEV--must be considered. For example, Figure 22 shows one of the

viroid-sized RNA species extracted from CEV-infected tomato plants,
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Figure 22

TI fingerprint of a low molecular weight RNA isolated from a

polyacrylamide gel band containing approximately one microgram of RNA

(see text for method of extraction from gel). This RNA species was

present in the low molecular weight RNA of CEV-infected tomato leaves.
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and analysed as described above. Many other gel bands have been

similarly treated. In the absence of a clear-cut result such as

obtaining a known viroid fingerprint� it will be necessary to combine

infectivity assays of all candidate RNA species with the fingerprint

analysis outlined here in order to locate the new version of CEV.

Secondary Enzymatic Analysis of Tl-Resistant Oligonucleotides

Each of the viroid RNA's fingerprinted so far has its own char­

acteristic set of 10 to 12 Tl-resistant oligonucleotides ranging in

size from approximately 8 to 15 nucleotides in length that make up the

unique pattern by which that viroid may be recognized.

Secondary enzymatic analyses of all such characteristic Tl-resis­

tant oligonucleotides have been carried out for each viroid RNA. An

example of the data obtained in these studies is presented in Figure

24A and 24B. Oligonucleotides chosen for study from PSTV and CEV are

indicated by numbered circles in the tracings of Tl fingerprints repro­

duced in Figures 23A and 23B. Aliquots of each oligonucleotide were

treated with either pancreatic RNase or RNase U2 and the digestion

products fractionated by high voltage electrophoresis at pH 1.9 on

DE8l DEAE-cellulose.

The mobilities of all digestion products were calculated as a

fraction of the distance migrated by the iodo-CMP (the fastest 1251_
labeled product). Careful comparison of the data obtained for PSTV and

CEV indicate that none of the lage oligonucleotides are held in common

between these two viroids. This fact raises our estimate for minimum

difference and leads us to suspect that PSTV and CEV are not at all

related. Nevertheless, it is of crucial importance of have on record

thorough analyses of this kind. As mentioned at the end of the previous

section, it may be necessary to screen a series of gel bands for an

RNA species derived from a known RNA, but modified in some way by the

host in which it is replicating. With the aid of complete secondary

enzymatic analysis of all large Tl-resistant oligonucleotides, it would

be possible to detect potential subclasses of homology within such RNA's.
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2 3 4 5 6 7 8 9 10 II

Figure 24A

Secondary enzymatic analysis of Tl-resistant oligonucleotides from
a Tl fingerprint of l25I-labeled PSTV (see Figure 23A). Tl-resistant

oligonucleotides were eluted with 30% TEC, divided into two aliquots,
and incubated with either pancreatic RNase or RNase U2 as detailed in

Chapter I. Digests were spotted onto DEBl DEAE-paper and subjected
to high voltage electrophoresis. Oligonucleotides #1 to #11 are

arranged in numerical order from left to right with pancreatic RNase
and RNase U2 digests for each oligonucleotide placed side by side (left
to right, respectively).
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2 3 4 5 6 7 8 9 10 II 12 13 14

Figure 24B

Secondary enzymatic analysis of Tl-resistant oligonucleotides
from a Tl fingerprint of l25I-labeled CEV (see Figure 23B). Tl­
resistant oligonucleotides were eluted with 30% TEC, divided into two

aliquots, and incubated with either pancreatic RNase or RNase U2 as

detailed in Chapter I. Digests were spotted onto DEBI DEAE-paper and

subjected to high voltage electrophoresis. Oligonucleotides #1 to #14
are arranged in numerical order from left to right with pancreatic
RNase and RNase U2 digests for each oligonucleotide placed side by
side (left to right, respectively).
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SUMMARY AND CONCLUSIONS

The techniques of in vitro iodination coupled with RNA charac­

terization by fingerprinting and secondary enzymatic analyses have

been employed to study several properties of viroid RNA's.

1. Comparison of Tl fingerprints of l25I-labeled PSTV, CEV and CSV

with those of HeLa 5S RNA and duck globin mRNA has shown that

these three viroids contain major RNA species whose complexity

lies between that of HeLa 5S and that of duck globin mRNA.

2. The RNA species associated with the diseased state in the cadang­

cadang disease of coconut palms was shown to have a complexity
like that of the viroids characterized. Also, this RNA species was

shown to be absent from RNA isolated from healthy coconut palms.

3. Comparative studies of PSTV and CEV which included (i) measurement

of electrophoretic mobility in five different polyacrylamide sys­

tems; (ii) Tl fingerprint analysis; (iii) pancreatic RNA finger­

print analysis; and (iv) secondary enzymatic analysis of the

Tl-resistant oligonucleotides led to the conclusion that these

two viroids are not identical, as was previously thought to be the

case, and may not even be related in RNA sequence.

4. Incubation of PSTV and CEV with E. coli Ribonuclease III neither
- ----

affected infectivity nor affected mobility in 7.5% polyacrylamide

gels under conditions that lead to total degradation of perfect

double-stranded RNA. We conclude that there are no extensive

regions (25 base pairs or longer) of perfect double-stranded RNA

in either of these two viroids.

5. A new method for extracting low amounts of &�A (0.5 to 1.0 micro­

grams) from polyacrylamide gel bands in a highly purified form

has been developed.

The new knowledge gained through these studies both about properties of

viroids and about techniques for their study provides a solid foundation

for future investigations of viroids and their interactions with plants.
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CHAPTER III

POTENTIAL REGULATORY ROLES FOR RNA

Our original interest in the study of viroids arose through a

consideration of potential roles for RNA in the control of gene

expression. Because viroids are composed entirely of RNA (Diener,
1972), and do not appear to code for any protein product (Davies et

al., 1974; Hall et al., 1974), it is possible that they interact

directly with the regulatory machinery of the host cells and could

constitute aberrant forms of regulatory substances.

In this chapter we will first consider the features of RNA which

make it especially suitable for a regulatory role, then suggest a

possible source for the proposed regulatory RNA, and finally describe

possible modes of action. The work presented here is based in part

on a paper by H. D. Robertson and E. Dickson (1974) and a paper by
E. Dickson and H. D. Robertson (1976, in press).

Properties of RNA Which Make It Especially Suitable

As a Regulatory Molecule

Molecules which have a primary role in the control of gene ex­

pression must be able to interact with the DNA in a highly specific

manner. Proteins such as the lac repressor can select and bind with

high affinity to a unique region within the DNA of !. coli and prevent

transcription. However, the amount of information required to specify

this interaction is about 1000 nucleotides since this regulatory pro­

tein is about 350 amino acids long (Gilbert and Muller-Hill, 1970).

When the notion of repressor proteins is extended to eukaryotic sys­

tems, it becomes apparent that a second gene would be required to con­

trol transcription of the repressor protein gene, and this second gene

action must also be regulated, and so on. In contrast, consider the

efficiency of using RNA to select specific regions from within the DNA.

RNA is particularly well suited to this task since it is capable of
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binding to a single-stranded DNA by complementary base pairing. In

addition, a sequence of nucleotides just 17 bases long is sufficient

to specify a unique region within the DNA of the human genome (Britten
and Roberts, 1969).

While RNA has a coding capacity equivalent to that of DNA, it is

subtly different from DNA in that it contains a hydroxyl group on the

second carbon of the ribose ring. Because of this chemical difference

the organism can use enzymes which digest RNA rapidly while leaving
DNA intact. Then abrupt changes in state of differentiation could be

accomplished by rapid destruction of one set of RNA molecules, and

creation of a new array.

Recent X-ray crystallographic studies (Ladner et al., 1975) of
o

yeast phenylalanine tRNA at a resolution of 2.5 A have shown that the

presence of the 2'-hydroxyl group in RNA confers additional properties

upon these molecules. This hydroxyl group can receive and/or donate

protons in hydrogen bonding to various parts of the backbone of the

polynucleotide or to the pyrimidine or purine rings. As a result, the

t��A folds up in regions in a complex way more reminiscent of protein

structure than nucleic acid structure. Such "globular" regions are

ideal for interaction with proteins. In other regions the tRNA demon­

strates base pairing and helicity more conventionally associated with

nucleic acid structure.

Because RNA can turn over rapidly, has a high coding capacity and

can interact with high specificity with both DNA and protein, it is a

prime candidate for the job of gene regulation.

A Source for Regulatory RNA in Eukaryotes

No function has yet been ascribed to the major class of RNA tran­

scribed in eukaryotic nuclei. This heterogeneous nuclear RNA (hnRNA),
so-called because it ranges in size up to 100 S and greater in some

organisms, remains mainly in the nucleus where the bulk of it is broken

down rapidly with only about ten percent ever reaching the cytoplasm
(Attardi et a1., 1966; Warner et al., 1966; Darnell, 1968). Some
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authors have suggested that the rapid turnover in the nucleus of the

majority of this RNA represents degradation of unnecessary transcripts

(Scherrer and Marcaud, 1968; Brandhorst and McConkey, 1974; Williams

and Penman, 1975). We find much more attractive suggestions such as

that of Judd and Young (1973) that some of the "extra" RNA within

huge transcripts could have a regulatory role within the nucleus where

it could act to coordinate action of related genes. The conventional­

ly held view of what happens to the extra RNA in the nucleus is that a

battery of powerful nucleases attack and render it soluble as a result

of rapid random cleavage. If, however, a function is assigned to this

class of RNA, it is necessary to postulate the presence of enzymes

within the nucleus which can release the regulatory RNA from the huge

RNA precursors in a precise and reproducible way.

Evidence for the Presence of Processing Enzymes

Within Eukaryotic Nuclei

&�ase P, a well-characterized enzyme from!. coli, is a good

prototype for the kind of enzyme to look for in eukaryotic nuclei

(Robertson et al., 1972). In!. coli, tyrosine tRNA is released from

a precursor RNA by cleavage of a single phosphodiester bond by RNase P

as shown in Figure 25 (Altman and Smith, 1971; Robertson et al., 1972;

Altman et al., 1974). The RNase P reaction is extremely sensitive to

mutational changes in the sequence of the tRNA. For example, mutations

at position 15 or 25 of the!. coli tyrosine tRNA drastically slow

down the rate of cleavage of the precursor by RNase P (Altman and

Smith, 1971; Altman and Robertson, 1973). In vivo in these mutants,

the tRNA precursor is degraded by other enzymes before the RNase P

cleavage can occur so that the mature mutant tRNA appears in much

lower than wild-type amounts. On the other hand, it has been shown

that when this mutant tRNA is released from its precursor by RNase P

in vitro, it has a stability comparable to wild-type tRNA's (Altman

and Robertson, 1973; Altman et a1., 1974; Altman, 1975). Two impor­
tant characteristics of this enzyme need to be stressed: (1) the signal
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Sequence and possible secondary structure of !. coli tru�ATyr
precursor RNA (Altman and Smith, 1971) showing the site of RNase P

cleavage 41 nucleotides from the 5' end of the precursor, at the
site of the 5' terminus of the mature tRNA molecule (Robertson et

al., 1972).
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which specifies cleavage includes features of sequence and structure

within a large region surrounding the point of cleavage and (2) proper

cleavage releases a mature RNA species which is stable in the presence

of the same nucleases that are capable of demolishing this same ��A

region when it is part of the precursor molecule. A schematic repre­

sentation of these features appears in Figure 26. This example serves

to illustrate the concept of generating, by cleavage, a stable RNA

molecule from a previously unstable RNA species.

A second enzyme from�. coli--Ribonuclease III (Robertson et al.,

1967; Robertson et al., 1968)--has !ecently been shown to be an

extremely subtle &�A processing enzyme. When presented with perfect

double-stranded RNA, RNase III yields a limit digest consisting of

fragments about 15 nucleotides long (Robertson et al., 1968; Robertson

and Dunn, 1975). On the other hand, bacteriophage T7 early mRNA pre­

cursor is cleaved both in vivo and in vitro by RNase III at exactly

five sites resulting in the release of the five T7 early mRNA species

from the precursor molecule as shown schematically below (Dunn and

Studier, 1973a, 1973b).

I 0.3 0.7 1.1 1.3 31
t t t t tt

2 3 4 S

RNase .m. Cleavage Sites t
"FS" RNA

0 2S00 SOOO 7S00

Length (bases)

The conjectures that specific cleavage sites in such single­

stranded RNA may have double-stranded character (Dunn and Studier,

1973b; Robertson and Dunn, 1975) or may contain specific sequences

(Robertson and Dickson, 1974; Rosenberg et al., 1974) can be tested

directly by carrying out sequence analysis of ru�A regions surrounding

cleavage sites. Recent collaborative studies with H. D. Robertson and
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Figure 26

Effects of a point mutation in the E. coli tyrosine tRNA sequence
upon the metabolism of the tRNA precursor-molecule. At the top of this

figure is represented schematically the E. coli tyrosine tRNA precur­
sor sequence (see Figure 25). This molec�le can undergo a number of

mutations, such as the one symbolized by (*) in the figure. This aster­

isk represents a base change from G to A at the position 25 bases from
the RNase P cleavage site, which is the 5' terminus of the mature tRNA
molecule. The effect of this mutation is to cause the near disappear­
ance of the mature tyrosine tRNA from the cell, and accumulation of ab­

normally high levels of uncleaved tyrosine tP�A precursor (Altman and

Smith, 1971). As shown in the lower left portion of the figure this
mutant precursor molecule turns over in vivo, undergoing degradation
without accumulating significant amounts of mature tRNA (Altman and

Smith, 1971; Altman, 1975). The explanation for these events in vivo
comes from studies on the in vitro cleavage of mutant tyrosine tRNA

precursor by purified RNase P (Robertson et al., 1972; Altman et al.,
1974). As shown in the lower right of the figure, proper cleavage
occurs giving rise to the expected two fragments--the tRNA itself and
the 4l-nucleotide 5' terminal "extra" fragment. However, studies by
Altman and his colleagues (Altman et al., 1974) have shown that the rate

of cleavage by RNase P on mutant as compared to wild-type precursors
is drastically lowered. Therefore, although the cleavage can occur

with fidelity, the rate in vivo must be insufficient to prevent the

mutant precursor from entering an alternative pathway leading to its

complete breakdown. One of the most interesting features of this al­

ternative pathway for precursor breakdown is that only the mutant pre­
cursor molecules enter it. Those few mutant tRNA molecules which do

mature in vivo or in vitro are just as stable as measured by half life

or stability in cell-free extracts as their wild-type counterparts
(Altman and Robertson, 1973). Thus the vast majority of mutant precur­
sor RNA's are destroyed in the cell even though they contain a poten­
tially stable tRNA sequence within them.
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J. J. Dunn (Brookhaven National Laboratory) have allowed us to propose

a sequence 29 bases long for the RNA fragment released by the double

cleavage event that separates gene 1.1 from gene 1.3. This RNA species
is referred to as the F5 RNA. In vitro transcription of T7 DNA util­

izing 32P-labeled ribonucleoside triphosphates, followed by RNase III

digestion and polyacrylamide gel fractionation (Dunn, 1976 in press),

yielded highly purified RNA suitable for sequence determination. Two­

dimensional fingerprinting and subsequent extensive enzymatic analyses
of the oligonucleotides (see Chapter I and Pieczenik et al., 1974) pro­

vided us with data (presented in Table IV-A & B) which allowed us to

propose a sequence for this RNA species.

Figure 27 shows the nucleotide sequence of F5 RNA drawn with bars

above and below to indicate the information yielded by each pancreatic

RNase-resistant and RNase Tl-resistant oligonucleotide analyzed. The

overlapping information derived from these two sets of specific diges­

tion products allowed us to arrange all of the fragments into a single

molecule with no ambiguity.

F5 RNA is redrawn in Figure 28 to demonstrate the potential sec­

ondary structure. Work by others (personal communication from R.

Kramer, M. Rosenberg and J. A. Steitz of Yale University) on sequence

analysis of another RNase III cleavage site from this same mRNA pre­

cursor shows a great deal of homology of sequence. It therefore

appears likely that RNase III recognizes elements of sequence as well

as secondary structure. If secondary structure with stability of that

shown in Figure 28 were sufficient by itself to constitute the. signal
for cleavage by &�ase III, then species such as the RNA phage Band 23

from R17 or f2 (also shown in Figure 28) should also act as signals

for such cleavage. However, RNase III does not cleave f2 or R17 RNA

within Band 23 (Robertson et al., 1968; Robertson and Hunter, 1975)

nor is isolated Band 23 a substrate for RNase III. Therefore, the

signal within the RNA that specifies cleavage of T7 F5 RNA by RNase

III must be more subtle than the mere presence of a short helical

region. Rosenberg et ale (1974) have demonstrated the presence of the
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Table IV-A

Analyses of RNase Tl-resistant oligonucleotides from the RNA

fragment separating bacteriophage T7 genes 1.1 and 1.3

(F5 RNA Species)

Pancreatic ��ase

Num- Proposed C�m�o-b RNase U2
ber Sequence NTpa c ProductsCsltlon products

CUCUCUAG[G]d,e * * * * * e
1 U C C CUCUCUA

* * * *
C U U CUCUCUA

* * *
A U U CUCUCUA

* * ** * *

G A,G AG[G] CUCUCUA,G[G]

CCUUAG[U]e
* * * * * * ** *

2 U C,U,G C,U,AG[U] CCUUA,G[U]
* * *

C C C CCUUA
* * *

A U U CCUDA
* * *

G A AG CCUUA[G]

pUAAG[G]f
* f * *

3 U pUp pUp pUA

C
* * * * *

A pUp,A pUp,AAG pUA
* * ** * *

G A,G AAG[G] A,G

4 UCG [C] U
* * * * * *

C U,G U,G UCG [C]

A
* * *

G C C UCG

* * *

5 AG [U] U G AG [U] G

C

A
* * *

G A AG A [G]

6 UG [G] U

C

A
* * * * **

G U,G U,G UG [G]
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7 G[U/A/C]

Table IV-A (cont.)
Pancreatic RNase

C?m�o-b RNase U2
NTpa sltlon ProductsC ProductsC

* * *
U G G G

* * *
C G G G

* * *
A G G G

G

Num- Proposed
ber Sequence

Table IV-B

Analyses of pancreatic RNase-resistant oligonucleotides from the

RNA fragment separating bacteriophage T7 genes 1.1 and 1.3

(F5 RNA Species)

Proposed b
RNase Tl

Number Sequence NTpa Composition ProductsC

* *
1 AGGAGU[G] U G AG[U]

C
* *

A G G[A]
* * ** *

G A,G AG[G],AG

* *
2 AAGGU[C] U G G[U]

* *
C U U [C]

* *

A A AAG
* * **

G A,G AAG[G]

3 GGC [C] U
* * * *

C G,C G tcic [C]

A
* *

G G G [G]

g �g *
4 AGUOR U AG [U]

C g

A g

*g *
G A AG
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Table IV-B (cont.)

Proposed
NTpa b

RNase T1
Number Seguence ComEosition ProductsC

5 GC[U]
* *

U c C[U]
* *

C G G[C]

A

G

6 pU [A]
* *

U pUp pUp

C
* *

A pUp pUp

G

7 C[U/G]
* *

U C C

C

A
* *

G C C

U[C/A/U]
* *

8 U U U
* *

C U U
* *

A U U

G

Footnotes

aNTP refers to the ribonucleoside [alpha-32p] triphosphate
precursor used to make the oligonucleotides analyzed in a given line.

bBase compositions were determined as described in Chapter I.

A dash in a column signifies that the particular oligonucleotide was

not present in digests of the F5 RNA species.

cProposed oligonucleotide compositions (other than those with

only one base) listed in these columns were assigned both by mobility
of the digestion products on unidimensional electrophoresis at pH 1.9
or 3.5 with reference to known standards, and by analysis of the base

composition of these further digestion products. Asterisks denote
those bases found to be labeled after base composition analysis.
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d
Square brackets indicate the proposed nearest-neighbor base.

eCompletion of these proposed sequences required further analysis
both of base composition of the F5 RNA fragment, and of the products
of CMCT-blocked pancreatic RNase digestion.

fThe presence of 5' terminal pUp was also confirmed by two­

dimensional electrophoretic analysis (Robertson and Dunn, 1975).

gIdentity of this oligonucleotide with the 3' terminus of the

fragment is based on the failure to recover a pyrimidine labeled by
any of the 4 NTP's. Thus the U-residue which labels AG must be
located at the 3' end of the oligonucleotide lacking a 3' phosphate.
This is to be expected since RNase III cleavage yields a 5' phosphate
and a 3' hydroxyl (Robertson and Dunn, 1975). This sequence (AGUOH)
can be distinguished from AG by its mobility on the two-dimensional

fingerprinting system.
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sequence pGAU at the 5' termini of several cleavage products of the

bacteriophage T7 early mRNA precursor by RNase III, thereby supporting
the view that sequence recognition could be involved in the cleavage

signal. It is probable that sequence analysis of at least several

more RNase III cleavage sites will have to be carried out before a

coherent view of the minimum and sufficient specifications for such a

site can be developed.

In this context, it is useful to consider the various levels of

complexity an RNA molecule can demand in interactions with other bio­

logical substances. Figure 29 illustrates the sort of sequence and

structural features which could, formally speaking, comprise a signal

within single-stranded RNA. It would appear, from sequence data now

available, that the only two processing enzymes which have been studied

in detail so far, RNase P and ��ase III from�. coli, both require

signals of the sort represented in Figure 29 (c), (e), or (f). This

sort of signal would allow the existence of enzymes of the type which

cleave a variety of different RNA molecules whose sequences bear little,

if any, resemblance to each other.

This description of the processing reactions of two bacterial

RNases has had two purposes: (i) to demonstrate the type of specific

cleavage potentially available in all living systems, and (ii) to

illustrate features within RNA molecules that may be involved in rec­

ognition by these enzymes. While no eukaryotic enzymes have been so

extensively characterized as these bacterial examples, there is con­

siderable evidence for their existence, particularly within cell

nuclei.

An enzyme with specificity identical to that of RNase P has re­

cently been described in the KB strains of human tissue culture cells

(Altman et al., 1974; Bothwell and Altman, 1975). A second specific

enzymatic activity, RNase NU, has been found both in mammalian cells

and in E. coli (Bothwell and Altman, 1975). Thus, it is apparant that,

not only do eukaryotic cells contain RNA processing enzymes, but also
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I I I I I I

pUAAGGUCGCUCUCUAGGAGUGGCCUUAGUOH
�------�I�----�I I I

Figure 27

Nucleotide sequence of bacteriophage T7 F5 RNA. The 5' terminus
of the RNA fragment is at the left side of the picture. The bars

placed above the sequence indicate the pancreatic RNase-resistant

oligonucleotides plus an additional base, in each case at the 3'
terminus, whose presence was determined by nearest neighbor analysis.
Bars beneath the sequence indicate RNase Tl-resistant oligonucleotides
plus the nearest neighbor at their 3' termini (see Tables IV-A and

IV-B).
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Proposed sequence and structure of an RNase III cleavage site
from bacteriophage T7 early mRNA precursor and a similar uncleaved

region from Rl7 bacteriophage RNA. On the left is a schematic

representation of the sequence and structure proposed for the 29-
base fragment (F5 RNA) released by RNase III cleavage of bacterio­

phage T7 early mRNA precursor between genes 1.1 and 1.3. The two

RNase III cleavage points.are located at the two termini of the

fragment.

On the right side of the drawing is a schematic representation
of Band 23 from the RNA of bacteriophages R17 and f2. The sequence
represented in the hairpin loop is that of R17 (Nichols, 1970), while
the two indicated C substitutions are those found in the analogous
regions of f2 RNA (Nichols and Robertson, 1971). This sequence rep­
resents the termination point of the RNA phage coat cistron, and the
UAA triplet at the top of the hairpin, together with the UAG imme­

diately following, are the actual terminators for this cistron in
vivo. Thus the left side of the hairpin codes for this carboxy
terminus of the protein, and the right side represents intercistronic

space prior to the beginning of the replicase cistron. It is note­

worthy that three of the four bases at the top of the hairpin, as

well as ten of the twenty bases in the stem, are exactly homologous
with the T7 sequence shown at the left. Since both of these RNA

regions consist of intercistronic sequences, this degree of homology
in sequence and structure may reflect present or past identities of
function. However, despite its similarity to the T7 hairpin, the
Band 23 region of phage RNA is apparently not an RNase III cleavage
site (Robertson and Hunter, 1975; Robertson et al., 1968), a fortu­
nate outcome for the survival of the RNA phage which would otherwise
undergo lethal cleavage of its genome.
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Figure 29

Potential signals within single-stranded RNA molecules for

cleavage by specific RNA processing enzymes. The most straight­
forward such signal would be a specific base sequence as shown in

(a); alternatively, the RNA could fold back to give a hairpin loop
with a perfectly base-paired stem (b). Either such feature could

provide a cleavage site. In addition, as shown in (c), these two

features could be combined so that a specific sequence is recognized
within a double helical region. A more complex sort of recognition
would arise if processing enzymes recognized features at a distance
from the site of cleavage. Such "other" features might include

tertiary structures like the tRNA cloverleaf, or simply a second

region of specific sequence or structure. These "other" sites could
be combined with specific sequence or helical secondary structure

to provide the cleavage sites shown in (d) - (f). Finally, symmetry
elements such as the true palindrome (Pieczenik et al., 1974) illus­
trated in (g) could be recognized in any of the above ways.
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these activities may be conserved in evolution (Altman and Robertson,

1973; Robertson and Dickson, 1974).

Activities which cleave RNA:RNA duplexes have also been detected

in ascites tumor cells (Robertson and Mathews, 1973) and in the nuclei

of human KB and HeLa cells (Altman et al., 1974; Schlessinger et al.,

1974). The heterogeneous nuclear RNA in mammalian cells is an example
of an RNA class in higher organisms which appears to require process­

ing. In order to see if this processing might involve double helical

regions, H. D. Robertson and W. Jelinek carried out the following

experiment. 3H-labeled HeLa cell hnRNA was fractionated by sucrose

density gradient centrifugation and the RNA sedimenting in the 70S

region pooled. When this material was incubated with E. coli &�ase

III essentially all of the RNA shifted from 70S to 14-185 without

detectable creation of smaller fragments. This result was not entirely

unexpected in light of previous findings that three percent of HeLa

cell hnRNA can be isolated as stable double-stranded fragments (Jeli­

nek et al., 1973; Jelinek and Darnell, 1972; Ryskov et al., 1973).

These regions (isolated by resistance to pancreatic RNase) are them­

selves substrates for RNase III cleavage (Robertson and Dickson,

1974). Thus it appeared likely that RNase III cleavage occurs in

vitro at such double-stranded sites within intact hnRNA molecules.

Thus these dsRNA regions are distributed fairly evenly along most

hnRNA molecules, and could serve as potential specific cleavage sites

in vivo. This expectation is made more concrete by knowledge of the

fact that the dsRNA regions of HeLa hnRNA turn over 100% in the

nucleus, without any substantial amount surviving for transport to

the cytoplasm.

Inspired by the observation that considerable homology exists

between RNase III processing sites in the T7 early mRNA and by other

indications that!. coli RNA processing could be sequence- as well as

structure-dependent, we decided to investigate whether the dsRNA

regions of HeLa hnRNA might also contain common sequence elements.

Such a finding might be expected if the HeLa RNA regions indeed repre-
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sent sites for specific cleavage analogous to their �. coli counter­

parts. As shown in the RNase Tl fingerprints in Figure 30, the iso­

lation of dsRNA from hnRNA results in a disproportionate loss of

complexity. The grey background which is the earmark of complexity

gives way to simplicity. Six characteristic oligonucleotides which

dominate the lower portion of the dsRNA fingerprint are also visible

(especially numbers 1, 2 and 3) in the fingerprint of unfractionated

hnRNA, emphasizing the fact that these oligonucleotides are greatly
enriched within the unfractionated hnRNA. H. D. Robertson (personal

communication, 1975) has shown that RNase III treatment of dsRNA

followed by Tl fingerprinting analysis results in a dramatic reduction

in the intensity of spots 1, 2 and 3, indicating that these oligo­

nucleotides are located wholly within double-stranded regions.

Sequence analysis of the six major Tl-resistant fragments of

dsRNA has revealed that each represents a unique sequence, that their

total information content is about 50-60 nucleotides (probably 10% of

the sequence complexity of the dsRNA), and that there is potential

for forming complementary regions between the sequences of some of

the fragments (Robertson, Jelinek and Dickson, 1976, manuscript in

preparation). One of our purposes in carrying out the RNA sequencing

project was to create a well-characterized probe with which to search

for RNA processing enzymes in mammalian nuclei.

The presence of RNA processing enzymes within mammalian nuclei

can be inferred from recent studies of Adenovirus RNA metabolism

(Philipson et al., 1974; Sharp et al., 1974). Transcripts from both

strands of the Adenovirus genome are present in the host nucleus both

during early and during late periods of the infection cycle. During

the early time, however, only the early mRNA reaches the cytoplasm

as mature mRNA, while regions containing late gene transcripts turn

over rapidly in the host nucleus.

Thus, at the time of Adenovirus infection, the host nucleus must

contain specific RNA processing enzymes which can recognize the Adeno-
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Figure 30

RNase Tl fingerprints of HeLa heterogeneous nuclear RNA and double­
stranded regions of HeLa hnRNA. 32P-labeled RNA from HeLa cell nuclei
was prepared as described elsewhere (Robertson, Jelinek and Dickson, 1976,
manuscript in preparation), and 90% of the resulting hnRNA was converted
to RNase-resistant dsRNA regiong. Equal aliquots of total hnRNA and
the dsRNA regions (about 5 x 10 cpm) were digested with two microliters
of RNase Tl solution (1 mg/ml) for 40 minutes and then subjected to con­

ventional two-dimensional fractionation as ,described in Chapter I using
thin-layer homochromatography on DEAE cellulose as the second dimension.

In the left panel, it is evident that unfractionated hnRNA yields
an RNase Tl fingerprint of great complexity with little resolution of
individual spots of a size larger than 4-5 nucleotides (those nearest

the top of the figure). In the right panel, in contrast, a very simple
pattern is observed, with no spot visible of a size greater than 9-10
nucleotides. Comparison of this right-hand panel with fingerprints of
RNA molecules of known sequence (tRNA's; HeLa 58 RNA; viroid RNA's;
globin mRNA) leads us to estimate that this pattern represents about
500 bases worth of information. The six prominent RNase Tl-resistant

oligonucleotides marked 1-6 have been prepared repeatedly and their

nucleotide sequences largely determined. Each represents a unique
sequence and their total information content is about 50 bases. Fur­

thermore, closer inspection of the left-hand panel reveals detectable

spots in the positions marked 1, 2 and 3. When these oligonucleotides
were eluted and characterized in comparison with their counterparts
from the fingerprint shown in the right-hand panel, we can show that

they are indeed the same sequences. Therefore, the unfractionated bulk

hnRNA is enriched for these characteristic sequences to an extent suf­

ficient for them to be detected without going through the initial pre­

paration of dsRNA. We can estimate that there must be an enrichment of

these sequences in the RNA population of at least several hundred fold

in order for these sequences to be detectable in this manner.
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virus early mRNA regions within the longer transcripts and cleave them

out, thereby permitting their maturation. Since this cleavage occurs

before production of any Adenovirus proteins is possible, the ��A

processing enzyme(s) responsible must pre-exist and have a role in the

host nucleus.

After Adenovirus infection is established, transcripts of late

genes begin to appear in the cytoplasm. An interesting possibility is

that the switch from early to late mRNA production is accomplished

by the action of a new RNA processing enzyme capable of releasing the

late mRNA's from their previously unstable RNA precursor. This new

activity could either be coded for by one of the Adenovirus early

genes or could be turned on from within the host genome by the pres­

ence of the Adenovirus.

Thus we have explored the possibility that eukaryotic nuclei

contain extra RNA whose function is not yet known to provide a source

for the proposed regulatory RNA. We have also discussed the possi­

bility that eukaryotic nuclei contain RNA processing enzymes of the

type described in�. coli capable of highly subtle cleavage. Numerous

studies (see Davidson and Britten, 1973, for a review) have indicated

that only a subset of the genome is transcribed in anyone cell type.

If each of the different RNA populations in these various cell types

each undergoes specific RNA processing of the type described above,

then each will yield a characteristic set of RNA fragments reflecting

the state of differentiation of that particular cell type. By their

existence, these products of specific RNA metabolism constitute a set

of signals indicating the state of differentiation. We would like to

explore the possibility that the cell utilizes these specific signals

to amplify gene coordination.
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THE ROLE OF RNA FRAGMENTS IN MODELS OF GENE CONTROL

Previously Proposed Roles for Regulatory RNA

(1) Specific RNA's could act as inducers, interacting with

repressor-like proteins bound to specific DNA sequences, releasing

the proteins and allowing transcription (Jacob and Monod, 1969).

Conversely, in a manner analogous to the action of cyclic AMP in

the action of CAP factor upon lac operon transcription, RNA could be

used to confer specificity upon proteins which select sites of tran­

scription (Beckwith and Zipser, 1970; Bekhor et al., 1969; Huang and

Huang, 1969; Zubay et al., 1970).

(2) Britten and Davidson have suggested that an RNA could bind

to a complementary region in the DNA, turning on the adjacent gene

in an unspecified manner (Britten and Davidson, 1969). For example,

RNA could displace tightly bound proteins to permit transcription

(Nichols and Robertson, 1971). RNA could also interact directly with

the DNA, thus changing its structure in a way that alters its availa­

bility to polymerase (see Paul, 1972; Sutton, 1972).

(3) Controlling RNA's might be a special class of mRNA which

turns over rapidly and whose product is a regulatory protein (David­

son and Britten, 1973). This idea has a number of features in common

with those which primarily invoke protein molecules for the control

of transcription (Georgiev, 1969; Gierer, 1973; Scherrer and Marcaud,

1968; Tsanev and Sendov, 1971). Since there have been a number of

detailed considerations of the idea that regulatory proteins could

regulate part or all of gene expression in eukaryotes (Georgiev,

1969; Gierer, 1973; Scherrer and Marcaud, 1968; Tsanev and Sendov,

1971), we have concentrated here upon the additional compatible pos­

sibilities made manifest by considering the products of RNA process­

ing in gene regulation.

One common feature of these three suggested modes of action for

RNA is that they are all catalytic in nature. Thus a single molecule

turns on the transcription of a genetic unit which then stays on



96

until a second independent event occurs to turn it off. A second

feature is that in most cases the RNA species which carries out the

proposed role has not been identified, although several authors sug­

gest that a rapidly labeled fraction of hnRNA contains the appropriate

species (Holmes et al., 1974; Judd and Young, 1973; Monahan and Hall,

1974). One exception is the case of chromosomal ��A studied by Bon­

ner and his colleagues (Bekhor et al., 1969; Holmes et al., 1974;

Huang and Huang, 1969), a heterogeneous collection of small ��A

molecules which can be isolated from chromatin. This RNA appears to

confer a specific pattern of transcription in vitro using DNA or

chromatin as template. Recent hybridization competition experiments

(Holmes et al., 1974) have indicated that chromosomal RNA and hnRNA

have some homologous regions, supporting the suggestion that this

chromosomal RNA is a cleavage product of hnRNA.

A third feature of the above models is that they do not take

the probable presence of specific &�A processing enzymes fully into

account. In light of recent experimental evidence, it seems likely

that reproducible cleavage of primary transcripts yields specific

RNA's which could then be invoked in considering control events.

A Novel Role for RNA Fragments

RNA fragments could influence gene expression by serving as

primers for the transcription of additional RNA molecules. The 3'

terminal region of an RNA fragment could locate a complementary

region of the DNA, and the primer would then be extended by an RNA

polymerase using the complementary strand DNA as template. Thus, the

RNA transcript would include the primer fragment covalently linked to

the new RNA molecule. It has been proposed that a mechanism of this

sort is important in the DNA replication of both prokaryotes (Sugino

et al., 1972; Watson, 1972) and eukaryotes (Verma et al., 1971). For

example, Dahlberg et ale (1974) have demonstrated that a tRNAtrp
synthesized in uninfected chick cells is the primer which is found
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covalently linked to Rous Sarcoma Virus DNA during the first round of

reverse transcriptase action.

To explore the possibility that RNA priming could occur in tran­

scription, it is necessary to study the properties of the RNA poly­
merases involved. E. coli RNA polymerase will utilize an RNA oligo­
nucleotide as primer under certain conditions in vitro, in preference
to ATP or GTP. Using synthetic DNA's containing sequences from the

E. coli tRNAtyr gene, Kleppe and Khorana (1972) showed that there is

a three-fold preference for a complementary primer hexanucleotide

over ATP or GTP when RNA synthesis was carried out using a 29-base

pair double-stranded DNA template. When the appropriate single DNA

strand was utilized (Terao et al., 1972), an even greater preference

for the primer over mononucleoside triphosphates was observed. No

studies on the ability of any eukaryotic RNA polymerase to initiate

synthesis using RNA primers complementary to the DNA template have

so far been reported.

To explore the idea that some of the specific cleavage products

of extra regions of RNA precursors could play a regulatory role by

acting as primer for ��A synthesis, we have made three assumptions:

(i) mRNA is transcribed as part of a longer RNA molecule; (ii) these

precursors are cleaved in the nucleus by highly specific processing

enzymes to yield mature mRNA and extra fragments; and (iii) RNA

primers can initiate transcription in vivo.

Figure 31 shows a way by which the processing of a particular

mRNA precursor could generate primers which cause the coordinated

transcription of other genetic units. In the middle of the figure

is a representation of part of a genome indicating boundaries of

three genetic units. These are all different from the gene from

which the mRNA precursor in the upper part of the figure was tran­

scribed. Regions of the extra portion of the "pre-mRNA" molecule

which can be cleaved out by specific processing events and subse­

quently used as primers are indicated. We postulate that these short

RNA's could locate complementary regions of DNA within other genetic



98

51... 31P re- m RNA --c::J---.Nt/.rl.�-I_--------

\ , .1
Processmg

= /tp�
�

-

Whole
genome

c::::J· v'Y.. · • _ ..

\I¥Ao� .

_ .... r:cti .. · .. · .......... · ...... ·

New transcripts primed
by pre-mRNA
cleavage products

D ,,.N

YNY------

Figure 31

A possible role for RNA primers in the coordination of gene
expression. The symbols (D), (I'N) and (_) represent special
regions within the RNA which can be cleaved from an mRNA precursor

by highly specific RNA processing enzymes and subsequently used to

prime ��A transcription. These same symbols are also used to depict
sites in the DNA which encode these special RNA's. Three such RNA

fragments resulting from the processing of the mRNA precursor molecule
shown at the top of the drawing are illustrated here priming tran­

scription at three other sites within the DNA. Thus, the RNA primer
starts out as a cleavage product from within one mRNA precursor and

subsequently becomes covalently attached to the 5' end of another
one. Depending on the particular RNA primer selected, the mRNA

precursor transcribed would contain different numbers of regions
which could give rise to primers upon processing.
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units and prime transcription, serving as the 5' ends of the new mRNA

precursor molecules as shown at the bottom of the figure. Note that

all of the genes depicted in the figure have multiple start points of

this sort. Depending on the requirement for coordination with other

genes, genetic units could contain a few or very many such regions

which could both encode and receive primer signals. Thus by uniting

the idea of specific processing of RNA precursors with the possibil­

ity that transcription of some genes might require priming by specific
RNA's we have arrived at a novel means by which, without invoking

protein synthesis and elaborate feedback controls, we could account

for the control of some genes merely by the expression of others.

Once having formulated this basic outlook, it is possible to consider

elaborations on this theme. Nevertheless, the central idea--that RNA

regions linked to a given mRNA precursor can be specifically and

reproducibly removed and used to cause directly the synthesis of

another--is one of compelling simplicity which merits careful

consideration.

Consequences of Primed Transcription Mediated by

Specific RNA Processing

Stoichiometry. One distinctive feature of any such mechanism

of control which depends upon priming to generate new RNA transcripts

is that it is stoichiometric (here defined as a process in which a

specific control element functions and is consumed in the event which

it regulates). As shown in Figure 31, the single mRNA precursor

shown at the top of the figure releases only one copy of each of the

three potential primers depicted. When these function at other points

on the genome, each can prime only one transcription event. For

example, the open rectangle could prime at its complementary site in

either the upper or lower genetic unit shown containing its comple­

ment, but not both; in order for both genes to be turned on, an addi­

tional primer RNA is required. Implicit in the idea of stoichiometric

control is the fact that the level of transcription of one gene is

dependent upon the extent of transcription of other genes releasing
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appropriate primers from their RNA precursors.

If one of the RNA primers shown in Figure 31 were to be repeatedly
cleaved from the 5' ends of a whole series of mRNA precursor molecules

whose synthesis it had primed one after another, this would be another

way of switching genes on catalytically. Such a mechanism might be

useful in cases where maintenance of a given level of a substance was

desirable. However, one characteristic of the RNA processing reactions

already discussed in detail is that the recognition sites extend beyond
the cleavage sites. Recognition sites such as those shown in Figure
25 for cleavage of tyrosine t��A include regions on both sides of the

cleavage sites which end up separated from each other. If the 4l-base

extra fragment became linked to some other sequence, parts of the

signal for processing would be missing and cleavage could not occur.

Similarly, once a primer such as those shown in Figure 31 had been

incorporated at the 5' terminus of a new mRNA precursor molecule, it

is evident that an enzyme of the same specificity would no longer

recognize any cleavage site which could release its 3' end; thus the

primer sequence and its adjoining bases would be subject to the same

RNA breakdown pattern which governs the majority of hnRNA sequences.

The identical circumstance is observed in the case mentioned above,

where mutants of E. coli tRNATyr so lower the rate of RNase P process-

ing that the tRNA sequence produced in the cell, although stable after

processing, is largely destroyed while part of the precursor, without

ever passing through a tRNA stage. Thus as a rule we would view a

single usage of a given primer as the most likely case.

The Extent of Primer-Initiated Transcription. Figure 32 illus­

trates one aspect of the stoichiometric control system discussed above.

In order for coordination of gene expression of the sort shown in

Figure 31 to occur, there must be at least two regions of the genome

which encode the RNA primer--one within the gene which generates the

precursor to the primer, and one in some other genetic unit, as shown.

It is clear that an additional feature of this point of view is that a

primer could cause another round of synthesis within the genetic unit
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Figure 32

Transcription initiated by RNA primers as a way of controlling
the extent of gene expression. All of the molecules shown schemati­

cally in this figure are mRNA precursors derived from the transcrip­
tion of a single gene. The synthesis of the top molecule was primed
by an RNA represented by (�) which was presumably cleaved from some

other mRNA precursor. Thus, this first transcript contains within its

non-coding portion four other regions which yield RNA primers upon

processing: (CJ), (I\N), (_) and ([]IJ). As discussed in the text,
it is likely that a primer at the 5' terminus could not be reused
because of its failure to be processed correctly. In the special case

depicted here, the four primers released from the first transcript
each prime the transcription of another copy of the same gene, but
with different start points within the non-coding region. As shown,
these four new mRNA precursors of different lengths (but all contain­

ing the same mRNA region) contain a total of six internal primer
sequences. We assume in this case that (i) primers at 5' termini are

in general not reused, (ii) all internal primer sequences can be re­

leased to prime new synthesis, and (iii) at this stage of development
there are no other sites within the genome available for competition
for these particular primers. There will then be a total of 16 copies
of this gene transcribed as a result of the introduction of the first

primer (�). Furthermore, the gene will be turned off at this point
because of the absence of additional primers.
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coding it. Thus in addition to inter-genic coordination, it is possi­
ble to obtain a burst of synthesis of the mRNA for a particular gene

product which is controlled in both duration and extent by the location

of the RNA primer which initiated synthesis of the first mRNA precur­

sor. In Figure 32, then, we see a particular mRNA precursor which

was initiated at a point so that four potential primer regions have

been transcribed in the extra region between the 5' terminus and the

coding region. In the extreme case shown here, where none of the

primers turn on other genes, we see that at most 15 additional mRNA

molecules will be synthesized before transcription of this particular

genetic unit is automatically shut down. A key factor in determining

this extent of transcription is our assumption that the processing

events which generate primers are too subtle to allow re-use of a

primer region once it has been located at the 5' end of an m��A

precursor.

Limitations. Two properties of such a system cannot be resolved

simply by considering well characterized prototypes from other biolo­

gical systems. The first is the problem of whether the functioning

of RNA primers in this and other systems is concentration-dependent,

or whether specific mechanisms exist which can efficiently utilize a

single molecule to signal the desired event. Second, we cannot esti­

mate the proportion of the extra RNA needed for such control systems.

In one extreme, all 20,000 extra bases of an hnRNA molecule could con­

sist of potential primers and recognition sites for processing enzymes.

On the other hand, there may be other functions encoded in this extra

regions which occupy a majority of its bases.

Finally, it seems that, in this kind of regulatory scheme, one

event could follow another in rapid succession within the nucleus of

the cell under consideration so that all of the events of differentia­

tion could take place within a short time. In other words, the system

lacks a pace-maker. A related problem is that no provision has been

made for maintenance of stage of development through cell division.

It may be that the specific population of small RNA's present within
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the nucleus has one unique opportunity during each cell cycle to

scrutinize the entire genome. In particular, during DNA replication,
the RNA could bind to complementary regions within DNA, both at sites

which had received primers for transcription during the life of that

cell, and at other sites which had been inaccessible. Then the DNA

would regain its double-stranded structure and fold up into condensed

chromosomes for cell division with this population of RNA fragments
built in at specific sites. When the nuclei of the daughter cells re­

form and transcription begins, these built-in RNA fragments could

function as the first primers for transcription, and in this way

establish the state of differentiation of the daughter cell. Studies

already carried out on the close association of RNA with chromosomes

could be re-evaluated in terms of this suggestion.

Economy. It is clear that by combining the specificity of RNA

processing with the feature of base pairing found in primed nucleic

acid synthesis reactions, one can obtain efficient utilization of the

genetic information. Cleavage of a variety of substrates of unrelated

sequence but related structure by a single processing enzyme could

release a variety of unique fragments. Therefore it is not necessary

to invoke a large number of RNA processing activities to yield the

very large number of different RNA primer sequences required for con­

trol of this sort. That the number of such ��ase activities in eukary­

otes may be small is further suggested by findings of Altman et ale

(1974) that two specific RNase activities (RNase P and RNase NU) appear

to reside both in human tissue culture cells and E. coli.

Perhaps the most singular feature of this suggested scheme of

gene control is the economy gained by using the genetic material

itself, in the form of RNA primers, to carry out gene coordination.

Schemes based entirely upon regulatory protein-nucleic acid inter­

action require not only genes from which the regulatory protein mRNA

may be transcribed and the machinery by which it is translated, but

also require mechanisms to control the expression of these genes, and

so on.
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Multiple Initiation Sites for RNA Transcription. As can be seen

in Figure 31, depending on the primer used for the transcription of a

particular nUU�A precursor, transcripts would be expected to have sizes

differing from each other, on the average, by multiples of the average

distance between priming sites. When viewed in the perspective of a

differentiating system, where transcription of a particular gene

might have to be coordinated with the expression of different combina­

tions of genes at different times, it seems likely that the priming
sites within the gene could be ordered in a way that would accomplish
this end. For example, in the relatively undifferentiated embryonic

cell, most mRNA precursors might be of maximum length thus including
all possible primers. As a cell becomes more specialized, transcrip­

tion of the mRNA precursors for these specialized functions may be

primed closer and closer to the coding region resulting in shorter mRNA

precursors and fewer primers for coordinated expression of the lower

number of more specialized genes. Thus, one might expect to find that

the mRNA precursor for a given genetic unit in embryonic cells is

longer than that of precursor molecules for the same mRNA in highly

differentiated cells. Also, mRNA precursors of lower organisms may

be shorter than those of advanced life forms which undergo extensive

and complex differentiation. In any case, if our suggested priming

of RNA transcription occurs, then the precursors to mRNA would be

heterogeneous with respect to size, even before any processing events

occurred.

Repetitive Nature of DNA Regions Encoding Primers. With the

exception of the extreme case in which a particular primer can only

function at the site of its own transcription, all primers would be

encoded in the genome at least twice, and perhaps thousands of times.

To carry out coordination of gene expression in the proposed way,

identical DNA regions would be distributed to a series of functionally

related genes, whatever their location. In addition, recognition sites

for processing enzymes surrounding the primer regions might also be

expected to be repetitious. Thus the class of DNA which carries the
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primer sequences and the information for specific RNA processing might
be expected to behave like the "middle-repetitive" DNA in kinetic

studies of DNA renaturation.

The actual length of specified RNA sequence required for recogni­
tion by processing enzymes and for priming is unknown. It may be,
for example, that there are secondary and tertiary structural require­
ments fOT processing enzyme recognition with very few restrictions at

the primary sequence level and that the primer itself is relatively
short. In this case, it is clear that the two RNA molecules which are

processed by the same enzyme, yield the same primer and are primed in

the same fashion, could be encoded in two DNA regions which would each

behave as single copy DNA in most renaturation experiments.

Alternatively, it may be that RNA processing sites are often

encoded by regions of DNA capable of intra-strand hydrogen bonding to

form hairpin structures. Because HeLa cell hnRNA has been found to

contain at least three percent of its nucleotides in such structures

this is not an unreasonable consideration (Jelinek et al., 1973; Jeli­

nek and Darnell, 1972; Ryskov et al., 1973). Regions of this type

would behave like the most highly reiterated DNA in hybridization stu­

dies since such unimolecular reactions are not concentration dependent.

Possible Structures for Determining Priming Sites. The simplest

way for an RNA primer to select its site of action would be for the

entire length of DNA to be potentially available for interaction with

a freely diffusing RNA fragment. Such passive priming would not require

any special structures within the DNA. The minimum size for a uniquely

specified RNA primer would increase with genome size. For example,

E. coli would require a sequence 11 bases long in order to determine

a single unique site of action for a molecule which recognizes base

sequence while for a human genome 17 bases are required (Britten and

Roberts, 1969).

Aside from the increaSing length of primer required for specific

recognition, passive priming may also depend upon maintenance of a
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certain minimum concentration of a given primer in order for one RNA

fragment to be effective. Thus instead of having one-to-one inter­

actions between pathways, this idea would confine the effects of one

gene's expression to an increase in the probability of expression of

other genes, rather than making the expression of other genes a

certainty.

The number of available priming sites within the genome could be

limited by special structures within the DNA. For example, as sug­

gested by Crick (1971) the DNA could be tightly folded in such a way

that certain regions of double helix are opened up to allow recog­

nition by regulatory elements. Such single-stranded regions would

provide obvious sites for the formation of base-paired regions with

RNA fragments. Alternatively, available priming sites might be

limited by a mechanism whereby RNA fragments are carried by DNA­

binding proteins which preferentially recognize certain regions of

the DNA. These proteins could be RNA polymerase subunits. Conjec­
tures of this sort about control of transcription in higher organisms
will take on more meaning when more is known about the RNA polymerases
which carry out various sorts of eukaryotic transcription. For exam­

ple, although most nuclei are now thought to contain several polymer­
ases which may transcribe different regions of the genome (Cold Spr.

Harb. Symp., 1970), little is known about their in vivo template

specificity or their detailed requirements for initiation. Preliminary

experiments indicate that in several cases a polymerase thought to be

associated with mRNA production in vivo has a marked preference for

single-stranded DNA templates (Chambon et al., 1970; Miyagi and Wang,

1974; Roeder and Rutter, 1969; Stein and Hausen, 1970). Furthermore,

although recent experiments have shown that such eukaryotic polymer-
32

ases will incorporate gamma- P-labeled ATP or GTP into short RNA

chains in vitro (Meihlac and Chambon, 1973; Miyagi and Wang, 1974)

nothing is known about the extent of this initiation mechanism in

vivo, nor about the ability of these enzymes to utilize primers.
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If it is true that there are special structures within the DNA

which somehow specify priming sites, this would introduce more flexi­

bility into the possible modes by which gene coordination could be

carried out. For example, much of the DNA could be tied up at any

given time in structures (Crick, 1971) which prevent its potential

hydrogen bonding with RNA fragments, rendering potential sites for

primer action inaccessible.

Genetics of Primed Transcription Units. If gene coordination is

mediated at the level of transcription such that RNA primers are syn­

thesized in covalent linkage to precursors of m&�A from structural

genes, then DNA elements encoding primer regions of mRNA precursor

molecules are crucial to a number of pathways. Then, as Judd has

suggested, "Mutations in these elements may act in pleiotropic fash­

ion" (Judd and Young, 1973). Pleiotropic mutants have in fact been

described in both Drosophila (Hadorn, 1965; Judd et al., 1972; Judd

and Young, 1973; Kaufman et al., 1973; Poulson, 1945) and maize

(McClintock, B., 1965, 1967). Furthermore, single point mutations

which are lethal are found in unexpectedly high proportion of the

Drosophila genes analyzed (e.g. 14 out of 16 in the zeste-white region

of the X-chromosome (Judd et al., 1972). At the same time, Drosophila

mutants which correlate with disappearance of the enzymatic activity

in question are often not lethal. Mutations in regulatory elements,

particularly if such elements are co-transcribed with the mRNA for the

protein product of the gene in question, could explain these observa­

tions. A point mutation in a regulatory element as part of an mRNA

precursor but situated outside the coding region could be lethal

because the correct signals for gene coordination could then fail to

be produced. In light of our knowledge of the profound effect of

point mutations upon the rate of processing of RNA precursors in �.
coli (as discussed earlier) it seems quite possible that a similar

change in an RNA processing signal, causing either slow production or

more rapid degradation of the RNA control element, could account for

the effects discussed here.
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Involvement of RNA Processing in Control at Levels Other th�n

Transcription. The constant production of specific RNA fragments by

processing enzymes could also influence other cellular events. For

example, it is widely believed that RNA primers are active in the

initiation of DNA replication (Sugino et al., 1972; Verma et al.,

1971). Thus, replication at a particular site in the DNA could be

influenced by any event which produces an RNA of the appropriate

sequence. In particular, transcription of viral DNA could lead,

during processing of the ��A transcript, to the production of RNA

breakdown products which mimic DNA replication control elements. The

possibility that such interference in host DNA replication by viruses

such as polyoma and SV40 would merit special consideration.

Translation could also be influenced by the production of speci­
fic RNA fragments in the cytoplasm, which might occur during mRNA

breakdown, for example. Such a fragment from one mRNA molecule could

hydrogen bond with a region of a second m��A molecule coding for a

different protein, and create a double-stranded region. Cleavage of

this region could cause the second mRNA to be broken down also; thus

the appearance and turnover of a new mRNA molecule might trigger the

destruction of another longer-lived mRNA which had previously been

stable. Alternatively, interactions such as this could be used to

activate previously latent mRNA's which would require cleavage to be

converted into their active form.

RNA fragments might also be involved in protein chain initiation.

Short RNA molecules can be co-purified with reticulocyte initiation

factors, and their removal inactivates protein synthesis stimulated by

these factors (Bogdanovsky et al., 1973; Heywood, 1970; Heywood et al.,

1974; Schreier and Staehelin, 1965; Wigle and Smith, 1973). Produc­

tion of different such RNA fragments at different times could thus

be one way to vary the specificity of translation.
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EXPERIMENTAL STATUS OF THIS HYPOTHESIS

Development of the point of view presented in this chapter leads

to several lines of experimentation that might otherwise not have been

established. It has had a direct effect upon our own research program

as follows.l

1. The application of in vitro iodination to RNA species not pre­

viously available at high specific radioactivities has been

studied (Chapter I; Robertson, Dickson, Model and Prensky, 1973).

2. Studies on the mechanism of action of the!. coli RNA processing

enzyme, RNase III, are being carried out (unpublished experiments).

3. The complete nucleotide sequence of a small RNA species (F5)

cleaved from the bacteriophage T7 early mRNA precursor by RNase

III has been determined (Chapter III; Robertson, Dickson and

Dunn, 1976, manuscript in preparation).

4. Sequence analysis of six greatly enriched oligonucleotides within

the double-stranded regions interspersed in HeLa cell heterogeneous
nuclear RNA has been carried out (Chapter III; Robertson, Jelinek

and Dickson, 1976, manuscript in preparation).

5. The study of viroids has been initiated by applying the methods of

in vitro iodination, RNA two-dimensional fingerprinting and se­

quencing analysis in order to characterize these biologically

active molecules as unique and identifiable RNA species of low

complexity (Chapter II; Dickson, Prensky and Robertson, 1975).

6. The possibility that viroid RNA is modified by its host is being

investigated (Chapter II).

1
The point of view presented in this chapter has also had an impact at

a theoretical level. We were invited to apply these ideas to a con­

sideration of potential roles for RNA in cellular development for

presentation at the Fourth Conference on Embryonic and Fetal Antigens
in Cancer. Our highly speculative response to this invitation is

presented in Appendix III.
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If viroid RNA represents some sort of escaped version of a regula­

tory molecule, studies designed to reveal the modes of viroid replica­
tion and pathogenicity could constitute valuable prototypes for the

investigation of RNA molecules with potential regulatory roles in

normal cells. Although the central issues of the hypothesis presented
in this chapter--(i) that specific processing of RNA occurs in

eukaryotic nucleic and (ii) that special RNA's cleaved from mRNA

precursors contribute to the control of gene expression perhaps by

priming the transcription of related genes and/or controlling the

onset of DNA replication--may not be tested directly for some time,
we expect these ideas will continue to stimulate experimentation in

a variety of productive areas.
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APPENDIX I

CALCULATION OF PERCENTAGE IODINATION FROM DPM PER MICROGRAM

Information required:

(i) amount of RNA in the iodination reaction

(1."1.") "1251" dcounts per m1.nute 1.ncorporate

(1.'1."1.") ff"
"

f 1251 "

e 1.c1.ency 0 count1.ng

Assumptions involved in the calculation:

(i) all of the input RNA is recovered

Calculation of the percentage of C's iodinated from the specific
activity:

1. The decay of 1251 follows first order kinetics resulting in the

f "f 1 f T 11 Lum f 1251 d i
. "

o rma t t.on 0 one mo e 0 e ur i.um or every Ls t.n t egra t t.on .

1251 _k_l_....,. Tu

2.
125

The rate of disappearance of I can then be expressed as

_

dC
= kC

dt

" " h "f 1251where C represents t e concentrat1.on 0 •

3. Integrate:

-InC = kt + constant of integration

4. Evaluate at t = 0 and C = Co to determine the value of the

constant of integration:

-lnCo = k(o) + constant

Therefore the constant = -lnCo

5. Substitute this value into equation (3):

-InC kt - lnCo
or lnCo - InC = kt

or lnCo kt
C
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6. Find a value for k by letting t

C
In _0_ = kt!,:2

Co/2
In2 = kt!,:2
k = In2

t�

7. Write equation (5) in the exponential form:

i. e. , C = C e-kt
o

8. Differentiate with respect to time:

dC
= -kC e-kt

dt 0

9. Evaluate at t = 0

dC
-kC eO

[k = In2]dt 0

t!,:2

dC _Cln2)Cdt tl 0
�

Co de

C� )dt
In2

Co dpm (t� )ln2
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Sample Calculation

(i) amount of RNA = 1 microgram

(ii) 108 cpm 125r incorporated

(iii)

(iv)

(v)

efficiency of counting = 60% = 0.6

half-life of 125r (t1/2) = 60 days = 86,400 minutes

RNA is 25% cytidy1ate residues

1. 125r . 108 86,400The number of atoms per m1crogram of RNA = --- ·

20.6 In

2.08 x 1013

2. The number of C's per microgram of RNA
10-6 23

=

350
• 6.023 x 10 x'0.25

= 4.3 x 1014 C's per microgram

3. Percentage of iodinated C's
2.08 x 1013
4 1014 x 100

.3 x

= 4.8%
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APPENDIX II

THE BINOMIAL DISTRIBUTION

A. Use of the Binomial Distribution to Determine Whether Iodination

is Random.

Let N = the no. of C's in an oligonucleotide = 7

n = the no. of iodo-C's in an oligonucleotide < 7

f = the frequency of labeling = 28%

Then the proportion of fragments which have n of their N C's

labeled is as follows:

IP (n) =
N!

• fn(l_f)N-nn! (N-n) !

Relative
% of contri-

N!

(l_f)N-n
labeled but ion %

n n!(N-n)! fn IP (n) fragments to cpm of cpm

1 7 .2800 .1393 .2730 30.344 30.34 13.92

2 21 .0784 .1935 .3186 35.414 70.82 32.49

3 35 .0220 .2687 .2069 22.997 69.00 31.65

4 35 .00615 .3732 .0803 8.925 35.72 16.38

5 21 .00172 .5184 .0187 2.078 10.40 4.77

6 7 .00048 .7200 .0024 0.267 1. 62 0.74

7 1 .000135 1.0000 .000135 0.015 0.105 0.05

Totals: 0.8997 100.000 218.005 100.00

The fraction of fragments with none of their C;s iodinated may

be calculated as follows:

7
IP (0) = 1 - L: IP (n) = 1 - 0.8997 = 0.1003

n-l

Thus, when 28% of the C's are converted to iodo-C, 10.03% of the

fragments containing 7 C' s have no iodo-C and hence
125

no I label.
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B. Use of the Binomial Distribution to Relate CPM to Percentage

Iodination

(i) Let %(n) be the percentage of the total cpm recovered in

the spot corresponding to the oligonucleotide with n of

its N C's iodinated.

Let an and an+l be the cpm recovered in two adjacent spots.

%(n)
=

% (n+l)
an

x 100
L:Bu

an+l
-- x 100
L:an

(ii) From the Binomial Distribution expression

IP (n+l)
x 100 x (n+l)_L:IP_(..;_n...;_) x 100

L Relative cpm

%(n)
IP (n)

= L:IP (n)
x 100 x n

% (n+l) x 100
L Relative cpm

IP (n) n
= .

--

IF (n+l) (n+l)

=
N! fn(l_f)N-n

n! (N-n) !
N! fn+l(l_f)N-(n+l)

(n+l)!(N-(n+l»!
n

x
(n+l)

n (l-f)
(N-n) f

=

(iii) Therefore a
n

an+l
n (I-f)

f(N-n)

Thus, when an' an+l, Nand n are known, f (frequency of

iodination) can be calculated.

C. Sample Calculation of Frequency of Iodination from Binomial

Distribution.

Consider the oligonucleotide CCAUACCACCCUG:

N = the total no. of C's 7

n = no. of iodo-C's in a particular fragment

an
= cpm in the spot with n of N C's iodinated =

a2
= 34,406 cpm



l15a

an+l =

a3
= 33,798 cpm

(1-f)
f

an
=--

.

an+1
(N-n)

n

•••• (see page 114)

(I-f) =

f
34,406
33,798

(7-2) =

2
2.545

Plot (I-f)
as a function of f

f

(l;f) goes from 99 to 1.0 as f goes from 0.01 to 0.5

Locate the value of f which gives
(I-f) = 2.545

f

f = 0.281

Therefore, the percentage of C's iodinated, calculated from the

Binomial Distribution, is 28.1%.
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APPENDIX III

POTENTIAL REGULATORY ROLES FOR RNA IN CELLULAR DEVELOPMENT

In this discussion we have suggested a requirement for a line of

communication between the cell surface and the genome so that regula­

tory events could occur in response to external signals. We have

explored, in hypothetical terms, the possibility that this role could

be carried out by RNA, and applied this reasoning to cells undergoing

differentiation, including the immune cells. We have also suggested
an important role for the RNA processing enzymes within the nucleus

in selecting which subset of the RNA transcribed will become stable,

and thus capable of action. Finally, these two ideas have been com­

bined to show how such a system could account for normal or regenera­

tive differentiation.

In Chapter III we have discussed the existence of populations of

extra RNA in eukaryotic cell nuclei and specific RNA processing enzymes

for their controlled metabolism. Figure 33 is a schematic represen­

tation of five possible roles for such RNA fragments. In this Appen­
dix we will deal mainly with the suggestion that RNA cleaved from a

transcript of one gene could prime the transcription at a second site

in the genome thereby causing coordinate production of these gene

products. In particular, we would like to suggest how phase-specific

RNA molecules could be involved in maintenance of the differentiated

state and how imbalance in the environment of the cell could lead to

a scrambling of the program expressed.

A variety of proteins synthesized in embryonic cells have been

observed to reappear in tumor cells (Alexander, 1972; Manes, 1974).

Also present in these cells must be the corresponding phase-specific

mRNA's. Within the context of the ideas about RNA precursors and

specific processing of these molecules outlined above, we suggest that

there are also phase-specific populations of RNA cleavage products

confined to the nucleus which could function as regulatory entities.
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Figure 33

RNA processing as a source of regulatory RNA's. Here the primary
RNA transcripts, consisting of the mature RNA's covalently linked to

precursor-specific "extra" nucleotides, are processed by specific
enzymes to yield the mature RNA species (tRNA, mRNA and rRNA) and also
a group of specific RNA fragments from within the "extra" regions of
the precursor RNA molecules. These specific fragments, represented
by the symbols c::J, _ , � , 0 and [IJ , are shown participating in
five different cellular events: transcription, DNA replication,
translation, initiation of RNA breakdown, and extracellular

communication.
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One way in which such regulatory ��A could be involved in the control

of transcription during normal development is depicted in Figure 31.

Small RNA fragments cleaved from the extra regions of the precursor

to a particular mRNA would locate complementary regions within the

genome, become engaged in hydrogen bonding, and act as primers in

those locations for transcription of the adjacent region which would

contain a precursor to a new mRNA (see legend to Figure 31 for details).
As discussed in Chapter III this control mechanism would be stoichio­

metric (the RNA primer would be used up in the reaction which it ini­

tiates; see Figure 32) and could account for a burst of synthesis at

a particular site which would be controlled both in extent and duration

by an initial priming event. Details of these arguments will not be

reviewed here. It is sufficient to say that within the context of

control of transcription by proteins revealed in a series of bacterial

studies (Jacob and Monod, 1961), the use of RNA as an additional con­

trol element would add flexibility, efficiency and elegance to a logi­
cal system of gene control.

State of the Genome in Cellular Development

In applying these ideas to questions of cellular development, we

have made the assumption that no irreversible changes occur in the DNA

of any cell undergoing differentiation. We realize that available data

about immune cells are most often interpreted as favoring irreversible

changes in the DNA by somatic mutation or recombination (Burnet, 1959;

Edelman and GaIly, 1967; Smithies, 1967) of developing lymphocytes

resulting in production of one and only one antibody per cell (Burnet,

1959). However, any system which is to be a valid prototype for dif­

ferentiation must allow cells to retain their full genetic complement.

Such retention of full genetic capability has been demonstrated in

nuclei of frog intestinal epithelium cells (Gurdon, 1968) and by the

frequent observation that tumor cells from one terminally differen­

tiated tissue type suddenly express a number of genetic characteristics

normally associated with an unrelated cell type (Alexander, 1972).
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A conservative geneticist's view would require that the genome

remain unaltered throughout differentiation. It will soon be possible
to determine experimentally whether or not irreversible changes do

occur in the DNA of lymphocytes by combining the techniques of RNA:DNA

hybridization with comparative fingerprinting analysis of antibody
mRNA' s. An exploratory application of such techniques to a particular
mouse myeloma light chaLn mRNA has recently appeared (Rabbitts et al. ,

1975). By adding RNA fingerprinting analysis to the more conventional

RNA:DNA hybridization approach, it was shown that RNA which hybridized
to the single-copy DNA contained fragments from both the Variable and

Constant regions of the mRNA. In addition, comparative RNA finger­

printing studies, which are capable of revealing the extent of variation

among closely related RNA molecules (Robertson and Jeppesen, 1972),
could be effectively employed in combination with the above approach

(Rabbitts et aL; , 1975).

The somatic mutation hypothesis invokes random changes in the DNA

to explain the enormous number of different antibodies that can be

observed. This hypothesis predicts differences in the nucleic acid

sequences of mRNA's coding for antibodies of identical amino acid

sequence isolated from different animals. Myeloma lines have been

independently isolated which secrete antibodies with light chains of

identical sequence (Dayhoff, 1972). Isolation and sequence analysis
of significant portions of light chain mRNA's from such cell lines

should therefore confirm or refute the validity of the somatic muta­

tion hypothesis.

For the balance of this discussion we shall make the assumption

that the information content of the DNA remains intact, and thus a

cell retains the potential of re-expressing embryonic genes even after

becoming highly differentiated.

Signals for cellular development. If there are no irreversible

changes in DNA during differentiation, then all cells are identical

with respect to their DNA content. Thus some other component must be
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directing and maintaining the state of differentiation. We would

expect a particular state of differentiation to be maintained actively

by regulatory machinery. All of the DNA would then be accessible to

reactivation by changes in this pattern of regulation. Based on

studies of cell-cell interactions it seems that there may be a line

of communication between the macromolecules on cell surfaces and the

DNA (Garber and Moscona, 1972; Greaves and Janossy, 1972; Moscona,

1975). Apparently cells, depending on their environment, can be trig­

gered to undergo various sorts of growth patterns (Lehtonen et al.,

1975; Toivonen et al., 1976). For example, consider the growth char­

acteristics of adult and regenerating liver cells, where a change in

cell environment drastically changes growth patterns from static to

exponentially dividing (Bucher and Malt, 1971; Leduc, 1964). Perhaps
the clearest example of a differentiating system requiring signals
at the cell surface is the immune system. The information contained

by a particular antigen is transmitted to a lymphocyte in such a way

as to elicit the production of a particular protein composed of two

different polypeptides, the heavy and the light chain, which together

form a structure that binds with high affinity to the antigen in

question.

Consider the possibility that RNA acts as an information carrier

in this proposed line of communication between the cell surface and

the DNA. This proposal can then be combined with our earlier sugges­

tions about ways in which RNA could act as a regulatory element within

the nucleus (Chapter III; Figure 31). In order to retain a particular

signal for later action RNA synthesized early in development could

remain complexed to a cell surface receptor protein awaiting a subse­

quent induction event. Such a hypothetical scheme might, for example,

consist of (i) interaction of the inducing agent with the cell surface

receptor protein, (ii) release of the latent RNA molecule from associa­

tion with the receptor protein, and (iii) interaction of this released

RNA with the DNA to bring about a change in gene expression. This

series of events is depicted schematically in Figure 34. The mode of
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Figure 34

Hypothetical cell surface signals for differentiation. This is
a schematic representation of a cell with a variety of receptors on

its surface (�). The cell contains a nucleus in which is depicted
two regions of double-stranded DNA containing the genes marked "v"
and "C'". Outside the cell are a variety of substances (6) which
are capable of specific interaction with matching cell surface

receptors (i.e., the dotted ones can only interact with the dotted

receptors). A series of hypothetical events would allow this cell
to respond to an encounter with a particular substance (�) by a

change in state of differentiation which would allow the production
of the new proteins shown in the lower right hand corn�r of the

figure as circles with wedges cut out of one side (�). This change
would be accomplished by the following series of events: (i) the

inducing agent (�) interacts with the cell surface receptor (�),
(ii) the surface receptor undergoes a change which causes it to

release an RNA fragment ("-) which had been bound to the surface

receptor since the time when this protein was synthesized. (iii) the
RNA fragment travels to the nucleus where it locates a complementary
region within the genome and acts there to prime the transcription of
the adjacent region of the genome--namely the "v" gene, (iv) this
RNA transcript locates a second region within the genome which is

complementary to its 3' end and again acts as a primer for the con­

tinued transcription so that gene "e" is transcribed as a continua­
tion of gene "V", (v) this RNA transcript travels to the cytoplasm
where it is transla�ed to produce the new protein (�), (vi) in
this example, the f1nal step shown is the secretion of this new

protein.
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action of the regulatory RNA represented in this figure is that of

priming of RNA transcription to initiate the production of RNA from

a previously silent gene (see Figure 31).

If we apply this kind of thinking to the response of the immune

system to a particular antigen, it leads to several further proposals.

First, lymphocytes could contain an array of light chain variable

regions (V regions) complexed to some of the "extra" R..�A from the V

region mRNA on their surfaces. When the cell is confronted by a par­

ticular antigen, if V regions with the ability to bind with high

affinity to this antigen existed on a particular cell, these V

region receptors would bind antigen, and at the same time, would

release their fragment of latent RNA. This RNA would travel to the

nucleus, locate the region from which it was originally transcribed,

engage in complementary base pairing, and act as a primer for the

transcription of the adjacent region--narnely, the V region which can

bind with high affinity to the antigen which triggered the reaction.

Extending this logic to the next step, this RNA transcript of the DNA

encoding the V region could contain, at its 3' end, a short region

complementary to the DNA sequence immediately adjacent to the DNA

encoding the light chain constant region (C region). Thus, a second

priming event could occur resulting in the production of a complete

light chain mRNA, accomplishing the joining of these regions without

the requirement of scrambling the DNA in an irreversible manner (Edel­

man and GaIly, 1967; Smithies, 1967).

Such a selection mechanism would allow lymphocytes to be multi­

potent with respect to their potential to respond to a variety of

antigens thus obviating the requirement for a separate line of cells,

each with only one specificity, for responding to every antigen.

In addition to considering informed signals involving RNA at cell

surfaces mediating communication with the nucleus, we would like to

suggest a second way in which major changes in gene expression could

arise in differentiated cells. This second mechanism involves the
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highly specific RNA cleaving enzymes capable of producing RNA signals
from primary transcripts in the nucleus. If we make the assumption
that members can be added to or deleted from this group of enzymes at

specific stages of development, it would lead to the scheme of events

shown in Figure 35. At early times, both genetic units A and Bare

expressed. Three specific ��A processing enzymes are present: Ez 1,
Ez 2 and Ez 3 (as shown in Figure 35). At late times, the descendants

of this cell no longer transcribe embryonic gene A, have lost Ez 1 and

Ez 3, and have acquired a new RNA processing enzyme, Ez 5. In the

absence of Ez 1 and Ez 3, two primers which were previously stabilized

by maturation cleavage are now turned overw At the same time, the

presence of a new enzyme (Ez 5) allows the stabilization of a regula­

tory RNA from the extra region of gene B that had previously been

unstable. Thus, the altered state of differentiation is reflected in

an altered population of RNA fragments within the nucleus.

Now it is possible to discuss what would happen if Ez 1 were to

reappear in the more highly differentiated cell. A regulatory RNA

within the extra region of gene B that has not been released as a

stable species since early in development is once more produced. This

same RNA is capable of binding to the complementary region within the

embryonic gene A and causing its re-expression. Furthermore, tran­

scription of gene A would in turn lead to the production of a set of

RNA regulatory elements which could prime coordinate transcription of

further genes abnormal for this state of differentiation. Thus a

scrambling of the genetic program of differentiation would have been

accomplished.

But what is the proposed mechanism of reappearance of enzyme

Ez I? As mentioned previously, it is possible to think of highly

differentiated cells as being actively maintained in a particular state

by constant positive control at the level of transcription. Cells

within organs such as liver retain the capacity to detect the absence

of an intact organ and react by changing their state of differentiation

to that of a developing liver cell and then repeat the developmental
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Figure 35

Role of enzymes in maturation of hypothetical regulatory &�A frag­
ments. The rectangular symbols (e.g., �) within the continuous folded
lines at the left side of the figure represent those regions within the
DNA that are destined to be transcribed into RNA and processed by speci­
fic enzymes to yield RNA primers for the control of transcription at

some time during the development of some cell line. The solid folded
line represents the DNA, in which the arrows mark the boundaries of two

particular transcription units designated as "A" and "B". The template
activity of the genome shown in the upper left region of the figure
represents the transcription of both gene A and gene B during some early
embryonic stage. The RNA processing enzymes present at this particular
stage (Ez 1, Ez 2 and Ez 3) can cleave these large RNA transcripts in
such a way as to release mature forms of four out of five potential
primer molecules depicted (EZ3, c::J , _ and � ). The other such

region (�) which is transcribed but not processed in the appropriate
way (because of the absence of the appropriate enzyme) undergoes degra­
dation by less specific "scavenging" enzymes. We suggest that the four
RNA fragments which undergo proper maturation are engaged in the control
of transcription at this stage (see Figure 31). The template activity
of the genome of an adult stage cell of this same cell line is depicted
in the lower left portion of the figure. During development, synthesis
of enzymes Ez 1 and Ez 3 has ceased and a new RNA processing enzyme,
Ez 5, has appeared. Gene A represents an embryonic gene which is no

longer transcribed. Two potential regulatory regions from within the

transcript of gene B which were stabilized during the embryonic stage
(�, � ) have now become unstable because of the absence of RNA pro­

cessing enzymes Ez 1 and Ez 3. On the other hand, the presence of Ez 5
allows the stabilization of a fragment of the gene B transcript which
was turned over during the embryonic stage (DE). Thus, the particular
group of RNA processing enzymes present in the nucleus at each stage of

development could have a central role in selecting the subpopulation of
"extra" RNA which would undergo maturation within the nucleus to yi'eld
regulatory RNA molecules to take part in the control of transcription.

A key feature of the suggested role of RNA processing enzymes in

the generation of regulatory RNA molecules is that, simply by the

re-introduction of an embryonic processing enzyme into an adult stage
nucleus, it would be possible to stabilize some RNA regions which prime
the transcription of embryonic genes. These genes, in turn, would

contain regulatory RNA's within their extra regions which would go on

to prime the transcription of still other genes. Thus, an irreversible

scrambling of the genetic program of that cell line would have been

accomplished.
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pathway to regenerate a new liver. It therefore seems possible that

adult liver cells have receptors on their surfaces which constantly
monitor the immediate neighbors, and when part of the liver is miss­

ing, cells receiving the signal could undergo a series of events

something like those depicted in Figure 34. Thus a latent RNA would

be released by the cell surface receptor, and travel to the nucleus.

In keeping with our suggestion that major changes of state are medi­

ated by changes in RNA processing enzymes, this RNA could prime the

transcription of a gene encoding a new RNA processing enzyme. The

presence of this enzyme could have profound effects upon the make-up
of the population of stable RNA species within the nucleus (see Fig­

ure 35), and in turn, upon the state of differentiation of the cell.

Abnormal Differentiation

The authors were requested to consider whether the conceptual

framework presented here could also shed light on the cause of abnor­

mal differentiation such as that observed in the tumor state. The

following speculations are therefore �ntended to stimulate further

consideration of these questions. Tumors can apparently arise spon­

taneously, can be induced by chemical agents, radiation or tumor

viruses, or can be genetically programmed. Is there a common target

for all of these agents? Suppose that chemical carcinogens disrupt

the sort of surface receptors we have been discussing, causing

release of the latent regulatory RNA. As we have outlined, this would

lead to scrambling of the genetic program. In the case of the tumor

viruses, a change in the host group of specific nuclear &�A processing

enzymes (as discussed in Chapter III in the case of Adenovirus) can

now be seen as potentially capable of similarly profound effects on

host gene expression. Radiation could act at the level of DNA dis­

ruption causing uncoupling of previously coordinated events. Finally,

tumors with high heritability would seem to be the result of an error

in the genetic instructions for a developmental program.
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While highly speculative, the advantage to the various ideas out­

lined here is that, whether or not our suggested role for RNA in cellu­

lar development eventually gains experimental support, such ideas

should serve to stimulate concrete experiments which will contribute

to a solid basis for understanding whatever systems are eventually
found to guide the expression of eukaryotic genes.
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