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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 -- N-cyclohexyl-N'-(B-morpholinyl-(4)-ethyl) carbodiimide-
methyl-p-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 -- potato spindle tuber viroid

CEV  -- citrus exocortis viroid

CSsv —— chrysanthemum stunt viroid

CPFV -- cucumber pale fruit viroid

ChCMV -- 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. 1In the studies to be reported here we have laid the
experimental and theoretical foundation for investigating the role of

RNA 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

1251 has demonstrated that (i) each of these RNA

labeled in vitro with
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 lO6 cpm/ug) 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 RNA, 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 HelLa 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
the range lO6 to lO8 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 RNA labeled in vitro with 1251. Fingerprints of human
35S 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



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 £2 was

grown and purified according to Webster et al. (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 58S
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.

125

Isotopes: Carrier-free I as Nal was purchased from New Eng-

32P was obtained from Schwarz-Mann.

land Nuclear Corp. Carrier-free
Ribonucleoside triphosphate precursors for in vitro RNA synthesis
([lAC]CTP -- specific activity 500 mCi/mmole -- and alpha [32P]ATP,
GTIP, UTP and CTP -- average specific activity 100,000 mCi/mmole) were

obtained from New England Nuclear Corp.



Other materials: Ribonucleoside triphosphates were obtained from

P-L Biochemicals Inc. BDH yeast nucleic acid for homochromatography
was purchased from Gallard Schlesinger. RNases T1l, 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.

Todination of Nucleic Acids: All carrier-free iodinations with

125I were carried out at the Sloan-Kettering Institute in collaboration

~with Dr. Wolf Prensky according to the methods of Commerford (1971),
Prensky et al. (1973) and Prensky (1975). The concentrations and vol-
umes of all reagents were the same as given by Prensky et al. (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 CF1ll cellulose (Franklin, 1966). The reaction
mixture was brought to .5ml with 0.1 M NaCl, 0.05 M Tris-HCl1l, pH 7.0,
and 0.001 M ethylene diamine tetra-acetic acid; 0.5 ml of absolute
ethanol was added, and the mixture loaded on CF1ll cellulose, washed,

125I]RNA eluted off in 0.9 ml of the same buffer less ethanol.

and the [
The RNA was then ethanol precipitated by the addition of 10 microgréms
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 -20° C.

Digestion and Fingerprinting of Nuclei¢ Acids: Todinated 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 140—, 32?- 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-



liters of 0.01 M Tris-HC1 (pH 7.5) - 0.001 M EDTA for 40 minutes at 37°
C or digested with 2 micrograms pancreatic ribonuclease in the same
buffer for 30 minutes at 37° 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 DE81 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 DES81

paper rinsed in 957 ethanol for 5 minutes and air dried.

The thin layer plates were subjected to ascending homochromato-
graphy, a procedure carried out at 60° 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 DE81 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.



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 rcd 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
HCl. The neutralized mixture is transferred to two three-foot lengths
of 1%-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 Tl 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 47. Although these RNA species shared 967 of their
sequences, two-dimensional fingerprints of their ribonuclease T1-
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
ba

ribonuclease Tl digestion of either P- o I-labeled bacteriophage

f2 RNA. Figure 1A shows the well characterized fingerprint of 32P—

labeled £2 RNA isolated from in vivo 32

P-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 1B shows that £f2 RNA labeled with 1251 yields
a very similar fingerprint to that in Figure 1A 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 Tl ribonuclease to yield a specific



Figure 1

Ribonuclease Tl fingerprints of 32P— and 125I—labeled £f2 phage

RNA. Approximately 5 x 106 dpm of either 32P—labeled f2 phage RNA
(specific activity 2 x 109 dpm/microgram) or 1257 1abeled £2 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 Tl ribonu-
clease for 40 minutes at 37° C. Fingerprinting was then carried out
employing thin-layer homochromatography (see Materials and Methods).
(A) RNase Tl fingerprint of 32p_1abeled f2 RNA. (B) RNase T1 finger-
print of 1257 1abeled £2 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.



population of resistant oligonucleotides which after electrophoretic
separation in the first dimension and separation by ascending homo-
chromatography in the second dimension form a pattern quite similar to

that formed by their 32P—labeled counterparts.

A second method of RNA fingerprinting employs electrophoretic sep-
arations in both dimensions (pH 3.5 electrophoresis on cellulose acetate
followed by electrophoresis in 77% 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 RNA 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

32P— and 125I—labeled HelLa cell 5S RNA. Figure 2A shows

Tl digests of
the fingerprint of HelLa 55 RNA obtained from in vivo 32P—labeled Hela
cells. The pattern formed by oligonucleotides in this fingerprint bears
32P—labeled 5S RNA iso-

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

a striking resemblance to the fingerprint of

pattern obtained when Hela cell 5S RNA is iodinated and subjected to
similar treatment. In this case, however, the second dimension was

run at pH 1.9 with .005 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 5S 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 are absent from the fingerprint of 125I—labeled RNA.
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Figure 2

Ribonuclease Tl fingerprints of 32P— and 125I—labeled HeLla cell

5S RNA with electrophoretic second dimension. Approximately 2 x 106
dpm of 32p- or 1251-1abeled Hela cell 5S RNA (specific activity 0.5 x
106 and 1.1 x 10/ 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 3.5 on cellulose acetate strips and the second dimension was
electrophoresis at about pH 1.7 in 7% formic acid for the 32p_1abeled
5S RNA or in acetic-formic buffer, pH 1.9, for the 125I-labeled 5S RNA
(see Material and Methods for details). (A) Two-dimensional finger-
print of 32p_labeled HelLa 5S 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
DE81 paper) from the tog of the picture to the bottom. (B) Two-dimen-
sional fingerprint of 125I-labeled HelLa 5S 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.
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Figure 3

Two-dimensional fingerprints of RNase Tl-resistant oligonucleotides
of 32P- and 125I-labeled Hela 5S RNA. RNA samples containing approxi-
mately 2 x 106 dpm of 32p_ or 1251-1abeled HeLa 5S RNA (specific acti-
vity 0.5 x 10% and 1.1 x 10/ 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_1abeled HeLa 5S RNA. (B) Fingerprint of 1251
labeled HeLa 5S 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 3-47% 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 conditionms,

125I—labeled CMP runs slightly slower than 32P-labeled GMP (Figure 4A,
lane 1), while 125I—labeled UMP has a mobility midway between 32P—
32

labeled GMP and P-labeled UMP. Similar digestion of iodinated Hela

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

125

I-labeled CMP, while a trace spot is observed at the mobility of
I-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. 1In this case T2 RNase
digestion yields a complicated pattern of up to nine 125I—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 37°

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

; . . e . 125, .
species for two reasons. First, a significant portion of the I is

lost from 125I—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 lzsl-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 37° 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 T1 (0.05 mg/ml) and pancreatic RNase (0.05 mg/ml).
Incubation was for 2 hours at 37° in ten microliters of buffer contain-
ing 0.05 M ammonium acetate, pH 4.5. 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 3.5
in 0.5% pyridine, 5% glacial acetic acid, 0.005 M EDTA.

(A) lane 1--RNase T2 digestion of 32P—labeled f1 RNA (104 dpm;
specific activity 2 x 108 dpm/microgram) prepared with all four
a-32p-1abeled ribonucleosid2 triphosphates; lane 2--alkaline hydrolysis
of 1251-1abeled poly(C) (10" dpm; specific activity 2.5 x 106 dpm/
microgram); lane 3--RNase T2 digestion of 123I-labeled poly(C) (10%
cpm as in lane 2); lane 4--alkaline hydrolysis of 1251-1abeled poly(U)
(5 x 103 dpm/ sgecific activity 10° dpm/microgtam); lane 5--RNase T2
digestion of 1251 1abeled poly(U) (5 x 103 dpm as in lane 4).

(B) lane 1--RNase T2 digestion of 125I—labeled Hela 5S RNA (104
dpm; specific activity 1.1 x 107 dpm/microgram); lane 2--alkaline hydro-
lysis of 32P-labeled f1 RNA (104 dpm as in (A), lane 1).

(C) RNase T2 digestion of 2 x 104 dpm of 125I—labeled Drosophila
tRNA (specific activity grea%er than 100 dpm/microgram). The bracketed
spots represent additional 1 5I—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 125I-labeled poly(U) results in a slight loss of radioactivity, but

no change in mobility of the resulting 125I-labeled UMP (Figure %A,
lane 4). These observations could be explained if either one or the
other of two possible reactions--either deamination or de-iodination

of 125I—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 f1 RNA containing 14C-labeled CMP, synthesized in vitro
with RNA 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 14C—labeled
RNA (non-iodinated) while lane 2 shows the base composition of the
125I—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 14C is not detected and

only the 125I—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, 37° 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 125I—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 125I—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 fl1 RNA containing l4c-1abeled 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). 1In 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)). 1In this case, spots containing only 14¢ 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 14c-1abeled 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 12571,
The other new spot which co-migrates with CMP contains only lac,

Details of digestion and electrophoresis of the RNA are described
in Materials and Methods.
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(Figure 5D) indicating that the radioactivity present is 14C only.
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
CMP. Here, some 14C can be detected in the position of UMP (see
Figure 4A, lane 1), while the vast majority remains near the origin.
Apparently the presence of 1251 at the CS 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 conditioms.

NH2 NH,
4[\ I——delodmcmon )\/\/‘ deommo’nonj\)ﬁ

deamination
\ 0
HN | I
OJ\r?J

Mobility of Todinated 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 f1 RNA which had
been transcribed in vitro in the presence of 14C—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 14C RNA alone. Panels (B) and (C)
represent the film in contact and the second film exposed to the

125, 14

fingerprint of the C-labeled RNA mixed with some non-iodinated

14C—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 is insufficient to alter significantly the mobility of the oligo-
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 55 RNA from KB cells
is known (ForgetznuiWeissman, 1967), we chose this RNA species to test
the conventional secondary analysis procedures and to determine

32,_ 4 125

whether fingerprints of an I-labeled RNA species can be

compared directly, spot for spot.



Figure 6

Mobility shift of iodinated oligonucleotides. A sample of bac-
teriophage f1 RNA (specific activity 5 x 104 dpm/microgram synthesized
in vitro with 14C-labeled CTP) was iodinated with 122 (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 14c—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 Lac-
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 1%4C-labeled f1 RNA which
had not been subjected to iodination for comparison.

20
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Figure 7 shows Tl fingerprints of 32P— and 125I-labeled Hela 5S

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%
TEC. 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—labeled HeLla 5S RNA
to see if it is the same as the 5S 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 5S RNA sequence unambiguously.

Enzymatic analyses of the oligonucleotides extracted from the
regions circled in the tracing of the 1251 Tl fingerprint of HelLa 58
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 DE81 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
58 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
o . 32 125

Tl 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) T1 fingerprint of 1257 1abeled HelLa 5S RNA (unlabeled RNA 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 RNase Tl-resistant oligonucleotides

from 32P-labeled HeLa 5S RNA (see Figures 3A and 7A)

Confirmatory Secondary Analyses

giz§:o- 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 g A,G AAG A,G
10 UCuG Cc,G,U G,C,U UCUG
11 CUGg 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
UG G,U G,U UG
c AUG ) mixture C,A,G,U AU,G,C,U UG,A
CUG/UCGg 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 Cloy
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Figure 8

Enzymatic analysis of RNase Tl-resistant oligonucleotides from
1251-1abeled HeLa 5S RNA. Oligonucleotides circled in Figure 7D were
eluted, split into four equal aliquots, and treated as follows: lane
1--no treatment; lane 2--incubation with RNase U2 in ten microliters
at a concentration of 2 units/ml for 2 hours at 37° 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, I11l.); 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 DE81 DEAE-paper and subjected to high-voltage
electrophoresis in pH 1.9 buffer (2.5% formic acid, 8.7% acetic acid,
0.001 M EDTA). Iodo-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 125I—labeled HeLa 5S RNA (see Figure 7D)

Secondary Analyses

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
38 AC,C cCG
4 AUCUCG C UCUCG
5 AACG AAC,C CUAAG,AACG,ACG,CG
mixture
CUAAG
6 ACCG AC,C CCG
7 CCCG (€ CCCG
8 UACUUG AC CUUG
9 CCUG C CCUG
10 UCUG C UCUG
11 CUG G CUG,UCG
mixture
UcG
12 CG C CG

%It was not possible to assign a se§uence to oligonucleotide number 3.
The intensity of this spot in the 1221 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.

Three C-containing oliﬁonucleotides present in HelLa 5S RNA were not
identified within the 1251 fingerprint shown in Figure 7C. These
were spots e and g (CAG and CUUpy) 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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the 1251 fingerprint as did the analogous oligonucleotide in the 32P

fingerprint (compare Tables I 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 1251-—1abeled oligonucleotides at pH 1.9
(Figure 9).

There are two anomalies in the data obtained from secondary
analyses of the 125I—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 surprising 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

this spot in the 1251 fingerprint was much reduced indicating that it
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 HeLla 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 125I
fingerprint.

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

the 125

I fingerprint. Recent experiments by E. Pelle of The Rocke-
feller University have shown that CAG is sometimes present in the

125 . . : . . P
I fingerprint in a position analogous to the one it occupies in
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GGC —  CCUG
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r0. 17 CUUG, UCUG
UCUCG
AUCUCG
Figure 9

Mobilities of 125I—labeled oligonucleotides at pH 1.9 (see Figures
7 and 8 and Tables II and III).
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the 32? fingerprint (personal communication, 1976; for an example of
a 125I—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
number 4. In the P fingerprint, number 4 corresponds to a mixture
of two moles of AUCUCG and one mole of UCUACG. Sequence isomers such
as these almost always rum 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 125I-labeled

oligonucleotide, it would be detected as 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-
cleotide from the 1251 fingerprint. It is possible that the 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—labeled 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 5S 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 T1l-
resistant oligonucleotide in this second region is CCCG (spot number

. 12 . .
7 in the 51 fingerprint, Figure 7B). If all cytidylate residues in
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the 58 molecule have an equal chance of being iodinated, we would

expect CCCG to have three times more 1251 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. 1In 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 5S 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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jodinated at either 40° C or 70° C was digested with RNase T1 and
fingerprinted (Figures 10A and 10B). These fingerprints were com-
pared with that obtained after iodination under conventional condi-
tions (60° 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
during iodination upon the distribution of 125I within the 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 HelLa 58S
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
E. 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, 10B and 11A.

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 RNA'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 5S RNA.
Todination was carried out at 40° C and 70° C and the resulting 125I-
labeled RNA yielded T1 fingerprints shown in (A) and (B) respectively.
These fingerprints can be compared with the Tl fingerprint of I-
labeled HeLa 5S RNA in which iodination was carried out in the con-
ventional manner at 60° C in Figure 3B.
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cate whether there are any regions protected from iodination at 60° C
which become accessible at, for example, 75° C. A related problem--to
determine the conditions needed to iodinate efficiently the cytidylate
residues within regions of biologically derived double-stranded RNA--

is currently under study.

Is Todination 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. 1In
order to test for the presence of such bias, we have prepared 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
faster 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 4.87 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 11A and 11B

show two fingerprints of Hela 55 RNA iodinated to 1% and 28% of the



Figure 11

Increased levels of iodination of HeLa 5S RNA. Two aliquots of
HeLa 5S RNA were iodinated to specific activities corresponding to 17%
and 28% of the cytidylate residues. (A) Tl fingerprint of 10® cpm of
HelLa 5S RNA with 1% of the C's iodinated. (B) Tl fingerprint of 10/
cpm of HeLa 55 RNA with 28% of the C's iodinated. (See the text and
Appendix II for an analysis showing that iodination is random.)

35
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C's respectively. 1In Figure 11B 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 C's iodi-
nated (reading from right to left within the fingerprint). Comparison
with the fingerprint in Figure 11A shows that, in the case of 1% iodi-
nation, only one spot appears in this region. Longer exposure of the
fingerprint in Figure 11B 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 13-nucleotide fragment
is located within what is thought to be a purely single-stranded region
of the 55 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 Appendix 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 TIodinated RNA

It will be intrinsically more difficult to carry out sequence
determination studies with 125I—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 amnalysis, 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 Tl
fingerprint of 125I-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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a® CG
@ CCG

@ ACCG
@ UACCG

@ AUACCG
2 AAUACCG

Figure 12

Fingerprint of a spleen phosphodiesterase digest of the iodinated
oligonucleotide AAUACCG from HeLa 5S RNA. The 1257-1abeled 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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on iodinated oligonucleotides as it does on 32P-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 125I-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 f£f2 RNA and human 55 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 14C and 1251 was used to show that a two-dimensional
fractionation using a homochromatographic second dimension gives
the best comparison between iodinated and non-iodinated RNA. Such
14C and 1251 fingerprints were found to differ by a systematic
shift to a higher first dimension mobility on the part of the
iodinated oligonucleotides.
5. Comparative enzymatic analysis of oligonucleotides from 32P- and
125I—labeled Hela 5S RNA demonstrated that the ribonucleases nor-
mally used for RNA sequence analysis (RNases T1l, 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 1251 in Hela 5S RNA containing 1%

or 287 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 13A and 13B) and
disfigured tubers can cause crop reductions of 647 in affected plants
(Singh et al., 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 207% 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 lO4 -1.1x lO5 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 13B

Comparison of leaves removed from the PSTV-infected plant shown
in Figure 13A 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 (Dienmer, 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) (Romaine and Horst,
1975). 1In 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
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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 207% 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 al. (1974) who measured the
ultraviolet light sensitivity of PSTV and by Semancik et al. (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 (0O'Brien and Raymer, 1964; Singh and
0'Brien, 1970; Singh, 1971; Diener et al., 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¢c; Semancik et al., 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 al., 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 al., 1973a).

The work presented in Chapter I demonstrates that RNA fingerprint-
ing and sequencing techniques originally developed using 32P—labeled
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 125I—labeled 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 E. 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. 0. Diener (in collaboration with Dr. Randles in the latter case),

and were sent to us for analysis by these investigators.

Todination, 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 4° 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 rumns 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 107 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 CF1ll Cellulose:

see Chapter I Methods and Materials. This procedure is used here
mainly to separate the RNA from contaminating materials such as Tris
and acrylamide prior to iodination, or to separate 125I—labeled RNA

from free 1251 anions following iodination.

HC1 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 4° 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 125I-1abeled 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 15A), each viroid migrates as a
single band with PSTV moving about 3% further tham CEV. Previously,
Semancik et al. (1973a) used 5% polyacrylamide gels of lower resolving
ability (8 cm cylindrical gels; Tris-acetate-EDTA, pH 7.2, with 0.27%
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 15A would not have

been detected.

When the percentage of the gel is increased to 107% (Figure 15B),
the PSTV again 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)



52

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 T1 digests fingerprinted according to the
methods outlined in Chapter I. (A) Hela 5S Tl fingerprint. (B) PSTV
Tl fingerprint. (C) Duck globin mRNA T1 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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Figure 15

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 side
of the figure. 1In 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 (4° C, 10
volts per cm, 12 hours). (B) 10% acrylamide gel in borate buffer, pH
8.3 (4° C, 10 volts per cm, 24 hours). (C) 15% acrylamide gel in
borate buffer, pH 8.3 (4° 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% acrylamide 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 15C, 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 987 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 987 formamide-10%
acrylamide gels (Figure 15E) 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 987% formamide-

107 acrylamide gels (Figure 15E), 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). 1In 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 55 rRNA have been observed to form two or
more discrete bands upon electrophoresis in 10% gels (Ikemura and
Dahlberg, 1973). 1In 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 omne
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. 1In 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
125
I.

RNA's were labeled in vitro with 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 107 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-



Figure 16

Ribonuclease Tl fingerprints of 125I-labeled PSTV and CEV RNA.
About 1 x 10° dpm of 1257-1abeled 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.HC1 (pH 7.5) - 1 mM EDTA for 40 min-
utes at 37° 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 10° dpm per microgram. (B) CEV RNA iodinated in vitro to a
specific activity of 18 x 10° dpm per microgram.

56
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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 the PSTV 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 RNA'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 probable that this is due to the
presence of low amounts of host RNA in the viroid preparations which
could represent as much as 107 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 80° C--well 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 RNA 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 125I—labeled RNA from PSTV and CEV that the major RNA com-
ponents of these two viroids are notlidentical. (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 137% 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

Pancreatic ribonuclease fingerprints of 125I-labeled PSTV and
CEV. About 1 x 106 dpm of 1251_1abeled 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.HCl1 (pH 7.4) -
1 mM EDTA for 30 minutes at 37° 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 107 in sequence, Robertson and Jeppesen,
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