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ABSTRACT

THE 3'-END OF TURNIP YELLOW MOSAIC VIRUS RNA;

APPLICATION OF NOVEL SEQUENCING TECHNIQUES

by

Melvin Silberklang

Submitted to the Department of Biology on September 24,
1976 in partial fulfillment of the requirements for the
degree of Doctor of Philosophy.

The 2 x 10° dalton MW RNA of Turnip Yellow Mosaic

Virus (TYMV) can be aminoacylated in vitro with valine and

is recognized by many tRNA-specific proteins; the aminoacyl-
ated RNA can also donate valine to polypeptides in a cell-
free protein synthesis system. This evidence suggests the
existence of a tRNA-like structure at the 3'-end of the viral
RNA. In order to examine this possibility directly, the sus-
ceptibility of TYMV RNA to cleavage by partially purified
preparations of the E. coli tRNA maturation nuclease, "RNase
P", was exploited to allow preparation of a specific 4.5 8
3'-terminal RNA fragment. This fragment was purified from
non-radioactive viral RNA, and its primary nucleotide se-
guence was investigated. Sequence information was derived
entirely by in vitro [32P] end group labeling techniques.

To facilitate primary sequence analysis of the TYMV RNA
fragment, modifications were introduced into end group label-
ing and sequencing procedures previously developed in our
laboratory. These included the adaptation of the two-dimen-
sional homochromatography system to the analysis of partial
nuclease digests of end group labeled RNA. In addition, new
methods were developed for the use of polynucleotide kinase
in nucleotide composition microanalysis and for the use of
endonuclease Pl (from Penicillium citrinum) in the generation
of partial digests of [34P] end group labeled RNA for direct
sequence analysis by two-dimensional homochromatography. The
latter two procedures have also been shown to be applicable
to DNA sequence analysis.

The 4.5 S TYMV RNA 3'-terminal fragment has been found
to be 112%3 nucleotides in length and to contain no modified
bases. All the oligonucleotides present in Tj and pancreatic
RNase "fingerprints" of the fragment have been sequenced; the
fragment does not contain the G-U-U-C-purine sequence typical



of loop IV of all tRNAs active in polypeptide chain elonga-
tion. Through the use of nuclease P;, the sequence of 26
nucleotides from the 5'-end and 16 nucleotides from the 3'-
end of the fragment has been deduced. An additional four
nucleotides at the 5'-end were sequenced from a slightly
longer 3'-terminal fragment contaminating one of our "RNase
P" digests of TYMV RNA. The sequence at the 5'-end can be
read, in one phase, as representing codons for serine and
threonine followed by the termination codon U-A-A. As the
published carboxy terminus of the TYMV coat protein is, in
fact, Ser-Thr, this suggests that the 5'-end of the fragment
includes the end of the TYMV coat protein gene, and the tRNA-
like structure follows immediately after the termination
codon. This has been corroborated by independent sequencing
work from the laboratory of L. Hirth and collaborators (per-
sonal communication; Eur. J. Biochem. (1976), submitted).
Furthermore, by comparison of data from our two laboratories
sufficient oligonucleotide sequence overlaps were found to
allow determination of a complete tentative 3'-terminal pri-
mary sequence of 115 nucleotides. This sequence can be
loosely fitted into a tRNA-like coloverleaf secondary struc-
ture. However, further analysis of this structure awaits
determination of a totally unambiguous primary sequence.

The sequencing methods developed during the course of
this work have also been used to determine the first se-
quence of a eukaryotic organellar tRNA, that of Euglena
gracilis trRNAPhe, and have been used to analyze the sites
of modification of 55 RNA treated in situ, in bacterial
ribosomes, with monoperphthalic acid.

Thesis Supervisor: Dr. U.L. RajBhandary, Professor of
Biochemistry
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INTRODUCTION

The major biological function of transfer RNA is in
the translation of the sequence of messenger RNA trinucleo-
tide codons into an amino acid sequence. tRNA plays the
role of "adapter" (1) on the ribosome, base-pairing its anti-
codon end directly with messenger RNA while carrying, at its
other end, the growing polypeptide chain. For this central
role in the processing of genetic information, tRNA has
evolved as a class of molecules of similar size with similar
highly ordered secondary and tertiary conformations. The
general nature of the secondary structure of tRNA was first
deduced by Holley (2), who proposed the now familiar "clover-
leaf" model (Fig. 1); all tRNAs sequenced to date can be
fitted into such a structure (3). More recently, the precise

Phe has been deduced from

tertiary conformation of yeast tRNA
2.5 ] resolution X-ray diffraction studies of both the ortho-
rhombic (4,5,6) and monoclinic (7,8) crystal forms of the
molecule. This tertiary structure model now serves, like
the cloverleaf pattern before it, as a point of reference in
interpreting the properties of all tRNAs, either in crystal-
line arrays or in solution.

All tRNAs have the common 3'-terminal nucleotide se-
guence C-C-A, the 2' or 3' hydroxyl (9,10) of the terminal
adenosine being the site of aminocacylation. Additional in-

variant and "semi-invariant' features of known tRNA sequences

are summarized in the generalized cloverleaf model of Fig. 1,
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Figure 1. The cloverleaf pattern: generalized secondary
structure for tRNA. The position of "invariant' and "semi-
invariant" nucleotides is shown. The numbering system is that
of yeast tRNAPhe. Y stands for pyrimidine, R for purine, H

for a hypermodified purine. R15 and Y48 are usually comple-

mentary. Other constant features are noted in the text.
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which also indicates the standard nomenclature(s) for the
cloverleaf helical, base-paired "stems" and single-stranded
"loops". tRNAs range in size from about 75 to 93 nucleo-
tides, the extra nucleotides of the longer molecules being
accommodated in stem d and loop III, the so-called "variable
loop". 1In general, structural variability in tRNA is re-
stricted to stems b and d and loops I and III.

Stems a and e usually contain seven and five base-
paired nucleotides respectively; among the few exceptions to

these rules are the histidine tRNAs of S. typhimurium and

E. coli (11), which have eight base-paired nucleotides in
stem a, and most prokaryotic translation initiator methio-
nine tRNAs, which have only six base-paired nucleotides (the
seventh nucleotide is present, but is non-pairing) in this
stem (3,11). Stem c and loop II make up the anticodon arm
of tRNA (Fig. 1). The tRNA cloverleaf structure is generally
written so as to accommodate only five nucleotides in stem ¢,
although the primary nucleotide sequence of some tRNAs allows
for a potential additional A*U or A-Y base pair between the
first and last nucleoside of loop II (eg., ref. 1l: pp. 18,
19, 36, 40, 45). Staphylococcal glycine tRNAs involved in
cell wall biosynthesis (12) also violate this rule, having
six base-paired nucleotides in stem ¢ (11). An interesting
example of the importance, in tRNA structure, of having

seven nucleotides in loop II is provided by a mutant version

of §. typhimurium tRNA%ly, the Suf D mutation, which has an
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extra C in, and hence eight nucleotides in loop II (13).

This tRNA behaves as if it had a tetranucleotide anticodon,
and can therefore act as a frameshift suppressor -- direct
evidence that a seven membered loop II is essential to main-
taining the proper codon reading frame during protein synthesis.
Loop IV is always constant, having seven nucleotides.

In addition to invariant structural features, there are
also various invariant and "semi-invariant" features of nuc-
leotide sequence in tRNA (Fig. 1), most of which are involved
in tertiary structural interactions (3). For example, there
are two invariant G residues, G18 and G19’ in loop I, which
are involved in hydrogen bonding interactions with loop IV.
The invariant nucleotide U8 is hydrogen bonded to A, ,, and
the invariant pyrimidine residue at position 48, which is
usually modified, is complementary to purinels, with which
it interacts. Also worthy of note is the sequence G-T-Y-C-
purine (or other derivatives of G-U-U-C-purine) of loop IV,
which is present in all tRNAs, prokaryotic and eukaryotic,
that are active in polypeptide chain elongation; it is missing
only in eukaryotic cytoplasmic initiator methionine tRNAs (11,

GlyS

14-20) and the Staphylococcal cell wall biosynthesis tRNA
The T and ¥ in this sequence also exemplify nucleoside modi-
fications that are "semi~invariant" in tRNA. The sequence
G-T-¥Y-C has been implicated as being involved in a base-

pairing interaction with 55 RNA in bacterial ribosomes (161;

vide infra, Results IIIB).
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Such extensive constant features, shared by all tRNAs,
might be due both to evolution from a common ancestral proto-
tRNA species (21), or group of such species (22), and to the
common selective constraint of essential functional interac-
tion with ribosomes and various proteins. The necessity of
decoding information for 20 different amino acids dictates
that all independent organisms must have at least 20 dis-
tinct species of tRNA. 1In addition, the degeneracy of the
genetic code implies that most organisms will also have mul-
tiple iso-accepting tRNA species for certain amino acids to
allow translation, by codon-anticodon base-pairing, of all
possible codons for those amino acids. Thus, each organism
has available, in its complement of tRNAs, a class of mole-
cules possessing very similar, but clearly distinguishable
structures, each of which can be acylated with one specific
amino acid. A plausible argument could be made that use of
these tRNA molecules for purposes other than protein syn-
thesis reflects both the efficiency and opportunism of
nature.

The range of known tRNA functions outside the domain of
ribosomal protein synthesis is considerable. Uncharged tRNA
in the ribosomal acceptor site, for example, promotes syn-
thesis of ppGpp and pppGpp by "stringent factor" in rel”

E. coli (23); tRNA thus mediates the "stringent" response of
these strains to starvation for an essential amino acid,
wherein G tetra- and penta-phosphate accumulate and inhibit

synthesis of stable RNA species. Aminoacyl tRNA functions
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as corepressor, in some cases, of cognate amino acid biosyn-
thetic operons in bacteria (24). Aminoacyl tRNA also parti-
cipates as amino acid donor in the reactions catalyzed by
the various aminoacyl tRNA transferase enzymes (aminoacyl-
tRNA protein transferases, aminoacyl-tRNA phosphatidyl gly-
cerol transferases, and aminoacyl-tRNA N-acetylmuramyl-
pentapeptide transferases) (25). +tRNA may also function as
an allosteric effector of enzyme activity. The work of
Goebel and Helinski (26), for example, suggests that in
vitro inhibition of the activity of the E. coli enzyme endo-
nuclease I by tRNA (27) may involve modification of the
activity of the enzyme from double strand scission of DNA

to a low level of single strand nicking; the enzyme may also
be associated with tRNA in zigg (M. Silberklang, unpublished
observation). In another instance, it has been suggested

Tyr

that Drosophila tRNA may act as a specific inhibitor of

the enzyme tryptophan pyrrolase in that organism (28); how-
ever, this model was recently challenged (29).

Participation of tRNA in viral development has attracted
considerable interest. The host-virus relationship is such
that the virus must rely on the host cell for a considerable
proportion of the transcriptional and translational apparatus
necessary for expression of the viral genome. This generally
holds true for the complement of tRNA available for protein
synthesis. T4 bacteriophage, however, is an exception; dur-

ing infection of E. coli, this phage induces the synthesis



23

of at least eight new tRNAs (30). The same tRNA species can
be detected in the products of in vitro transcription of T4
DNA (31). It has been reported (32) that the T4-coded tRNAs
read certain codons for which host tRNAs are rare. It has
also been found (33) that in phage deletion mutants lacking
these tRNA genes, the in vivo rate of synthesis of tail fiber
proteins P34 and P37 is reduced by 40-50 percent, and this
has been correlated with a similar reduction in

burst size. Moreover, in a particular E. coli strain iso-
lated from a hospital patient, T4 tRNA gene deletion mutants
would not grow at all (33). Taken together, these data
indicate that a major function of the phage-coded tRNAs is

to insure optimal rates of translation in the maximum mumber
of hosts by supplementing the reading capacity for certain
codons used more commonly in the viral than in the host
genome. Possibly also related to this is the finding that
T-even phages induce the specific nucleolytic cleavage of
Leu

host tRNAl

in the host tRNA reading capacity for the leucine codon CUG

upon infection (34). The resulting reduction

may contribute to the cessation of host protein synthesis
(35); presumably, the phage genome uses this codon less fre-
guently than that of the host (34,35). Phage T4 infection
also induces a structural modification in host valyl-tRNA
synthetase by addition of a phage-coded subunit (36), which
leads to tighter bindingantRNAval (37) and to the capacity

to also aminoacylate yeast tRNA (36); the functional signifi-
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cance of this alteration, however, is not clear (38).

E. coli phage T5, too, codes for at least 14 different
tRNAs (39). The phage T5-coded tRNAs include two methionine
tRNAs, one of which can be formylated in vitro (i.e., it be-
haves like a translational initiator tRNA) (40). As the
single methionine codon, AUG, is recognized equally well by
host tRNA, these T5 tRNAs, at least, may have functions other
than increasing the codon reading capacity of the host tRNA
pool. A similar conclusion about T5 tRNAs has been reached
by Henckes et al. (41), who found that T5 also coded for two

Sers that read the serine codons UCC and

isoaccepting tRNA
UCU, respectively. These codons were also efficiently read
by the tRNAs of the host strain of E. coli. The possibility

Sers are useful in supple-

remains, however, that these tRNA
menting the reading capacity of the tRNA of other host strains
found in nature.

Eukaryotic DNA viruses may also contain tRNA genes.
Although early reports of Herpes virus coded arginine tRNA
(42) were challenged (43) and later retracted (44), it has
been reported, for example, that phenylalanine acceptor ac-
tivity goes up considerably in tRNA from HSV-2 infected cells
(45). This is a phenomenon that requires further investiga-
tici.

tRNA also plays a special role in the life cycle of RNA

viruses. It was first observed that purified Avian Myelo-

blastosis Virus (AMV) virions yielded a fraction of RNA,
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soluble in 2 M NaCl, that could be aminocacylated in vitro
(46). This RNA is methylated to the same extent as host
tRNA (47); it hybridizes equally to the DNA of normal and
transformed cells, and can compete with host tRNA for
hybridization sites (48). Although the tRNA is cellular in
origin, the selection of tRNA species incorporated into the
virion, totalling about 200 tRNA molecules per 70S viral
RNA (49), seems to be specific; the ratios of tRNA species
in the virions differs considerably from that in the cell
(46,49), and is also different for different RNA tumor
viruses (50).

Most of these tRNA species are easily separable from
the 70S viral RNA by sucrose density gradient centrifugation
(51). Their role in viral development is not known. An-
other fraction of the tRNAs is associated with the 70S RNA,
and is separable only after heat denaturation. Two compon-
ents of the associated tRNA fraction can be separated by
sequential heating in EDTA at 60°C and 80°C (52). Heating
at 60-70°C separates the 70S wviral RNA into 35S subunits
and releases about 4 tRNAs per 35S subunit (53). It has
been speculated that these may act as linkers, or otherwise,
to hold together the 355 RNA subunits in the virion (54),
although more recent evidence indicates that this fraction
of the associated tRNA is almost as complex as the non-associated
tRNA fraction (53). Further heating at 80°C, however, re-

leases a specific tRNA, which has been shown to be host
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tRNATTP for Rous Sarcoma Virus (RSV) (55) and AMV (56) and

Fre for Murine Leukemia Virus (MLV) (57); this tRNA

host tRNA
has been shown to be the primer for viral reverse transcrip-
tase (58,59,55). The primer tRNA can apparently both hybri-
dize with the wviral 35S RNA (56) and bind tightly to the

free reverse transcriptase enzyme (60). An interesting and
unusual common feature of these primer tRNAs is that they
contain the sequence Y¥-¥-C-G in loop IV instead of T-¥-C-G
(Pig. 1) (55,61).

Another interesting instance of the role of tRNA in
host-viral relationships is the now well-established presence
of tRNA-like conformations at the 3'-termini of many plant
viral RNAs (62). This phenomenon was first studied in
Turnip Yellow Mosaic Virus (TYMV), the RNA genome of which
was shown to be enzymatically aminoacylatable with valine
(63). It was demonstrated (64) that the reaction was speci-
fic for valine, both with E. coli and with yeast aminocacyl-
tRNA synthetase extracts; the reaction was dependent on ATP
and was kinetically similar to the enzymatic aminoacylation

of tRNAval. The pH stability of TYMV valyl-RNA was found to

Val

be similar to that of valyl-tRNA at 37°C, pH 8.6; the

amino acid was released with a half-life of 60 min. Attached
[14C]—va1ine co-sedimented with intact TYMV RNA upon sucrose
density gradient centrifugation. In further studies (65),

it was demonstrated that TYMV valyl-RNA could be chemically

acetylated, using conditions that acetylate the o-amino group
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of aminoacyl tRNA; furthermore, using this acetylvalyl-RNA,
it was observed that the enzyme peptidyl tRNA hydrolase (66)
releases acetylvaline, as it does with acetylvalyl-tRNA.
Also, when TYMV valyl-RNA was subjected to digestion with
pancreatic RNase or snake venom phosphodiesterase, the amino
acid was released as valyl-adenosine and valyl-AMP, respec-
tively. When the TYMV valyl-RNA was digested with Tl RNase,
the unique valyl-oligonucleotide released was different from
that resulting from digestion of host (cabbage) valyl*tRNAval.
It was thus clearly demonstrated that valine can be enzymati-
cally attached to the 3'-end of the TYMV RNA genome by an
ester bond. Subsequently, it was shown that the aminoacyla-
tion of TYMV RNA could be performed with highly purified E.
coli valyl-tRNA synthetase, but only after prior treatment
with tRNA nucleotidyl transferase and ATP (67). This implies

that the 3'-terminus of the wviral RNA is ...C-C which can

OH'

be enzymatically converted to ...C-C-A as in tRNA. The

OH'
3'-terminal adenosine, then, is the site of aminoacylation.
In addition to the enzymes so far discussed, valyl-tRNA
synthetase, tRNA nucleotidyl transferase and peptidyl-tRNA
hydrolase, TYMV RNA is also recognized by the E. coli tRNA

1

maturation endonuclease, "RNase P"7, which releases a 4.5 S

3'-terminal RNA fragment (68). Furthermore, TYMV valyl-RNA

lThe "RNase P" used in this work was a preparation purified

up to the DEAE-Sephadex chromatography step of Robertson,
Altman and Smith (79). The possibility that TYMV RNA is
cleaved by enzyme (s) other than "RNase P" cannot, therefore,
be ruled out (see Discussion ID).
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can form a ternary complex with GTP and protein elongation
factor EF-I (wheat germ) (69) or factor EF-T (E. coli) (70),
and can donate valine to polypeptides in an E. coli cell-
free protein synthesis system (71). Taken together, this
evidence strongly implies the existence of a tRNA-like struc-
ture at the 3'-end of TYMV RNA.

There is also considerable evidence for a tRNA-like
structure at the 3'-end of other plant viral RNAs (review:
62). In the TYMV group (Tymovirus), Okra Mosaic Virus (OMV)
RNA, Egglant Mosaic Virus (EMV) RNA, and Wild Cucumber Mo-
saic Virus (WCMV) RNA have been reported to be enzymatically

A (72,73). The groups Bromovirus (74,

acylatable with valine
75) and Cucumovirus (75) can be aminoacylated with tyrosine
and Tobacco Mosaic Virus (TMV) with histidine (69,76). TMV
RNA is also recognized by tRNA nucleotidyl transferase (77),
can be methylated by E. coli ribothymidine methylase (78),
and, when aminoacylated with histidine, will form a ternary
complex with GTP and wheat germ EF-I (69).

It has been shown that, unlike aminoacylated TYMV RNA,
aminoacylated BMV RNA cannot donate tyrosine to polypeptides
in a cell-free protein synthesis system (8l). Also, when the
3'-terminal nucleoside of BMV RNA is oxidized with sodium
periodate to generate the dialdehyde derivative of its ribose

moiety (the ribose moiety of the 5'-"cap" m’/G is resumably
y P

also oxidized), the RNA continues to function as a messenger

ZInterestingly, EMV virions may also carry an associated
host tRNALYS (72,80).
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for in vitro protein synthesis (82); hence, aminoacylation
must not be essential for messenger activity. Although there
has been some speculation on the matter, the function of the
3'-terminal structures in plant viral RNAs remains unknown
(see Discussion).

In experiments related to those described above, it has
been found that other viral RNAs have internal tRNA-like con-
formations that may be revealed by partial nuclease digestion.
The first such report claimed that partially enzyme-digested
TMV RNA could be aminocacylated with serine and methionine
(83); however, contamination of the crude synthetase enzyme
preparations and/or of the TMV RNA preparations with host
tRNA could not be rigorously excluded, and these results have
not been confirmed (84). Recently, it has been shown that
Mengo Virus RNA can be aminoacylated with histidine (85) and
Encephalomyocarditis (EMC) Virus RNA with serine (86). Each
of these wviruses, however, is known to have a 3'-terminal
poly (A) sequence (87,88); also, in the case of Mengo Virus,
it has been shown that the aminoacylated RNA is not as large
as the intact genome (85), though much larger than tRNA. It
may therefore be assumed that the tRNA-like structure is in-
ternal in this RNA, and that the acceptor activity is exposed
upon partial degradation by nucleases that contaminate the
crude aminoacyl-tRNA synthetase preparation (89). Attempts
to aminoacylate Polio Virus RNA, which also ends in a 3'-

terminal poly(A) (90), have failed (76), as have attempts to



30

aminoacylate various phage RNAs (76,89). However, partially
nuclease digested phage R17, MS2 and Q8 RNAs can act as sub-
strates for the tRNA nucleotidyl transferase (89), and accept
both C and A. These experiments (89) used commercially pre-
pared snake venom phosphodiesterase to treat the RNA prior
to reaction with tRNA nucleotidyl transferase; it was assumed
that the fragmentation of the viral RNAs was caused by an
endonuclease contaminating the commercial phosphodiesterase
enzyme, while the phosphodiesterase partially removed the 3'-
terminal C-C-A (ll) of the wviral RNA. As the endonuclease
contaminating commercial snake venom phosphodiesterase does,
in fact, have a pronounced preference for cleavage of the
...CpA... phosphodiester bond (J. Heckman, B. Baumstark and
M. Silberklang, unpublished observations), it may have been
a fortuitous choice of enzymes for the purpose of revealing
internal C-C-A sequences. (We believe this nuclease to leave
3'-phosphomonoesters, so that the additional action of con-
taminating phosphatase must be invoked to explain nucleoti-
dyl transferase susceptibility.) However, since the exact RNA
features required for recognition by tRNA nucleotidyl trans-
ferase are not known, it may be an overstatement to call
these bacteriophage RNA internal C and A accepting sequences
"tRNA-like".

A further example of an internal tRNA-like structure in
a viral genome is found in the "species I" RNA transcribed

in vivo from T-even phage DNA (91). The primary nucleotide
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sequence of this RNA shows it to contain a region that
closely resembles a tRNA, but with a 19 nucleotide insertion
into loop I of the cloverleaf structure (92). No function
for this transcription product is known. tRNA-like primary
nucleotide sequence features were also found in the 156-
nucleotide, stable, VA RNA species (93) induced by Adeno-
virus-2 infection of KB cells (94).

The fact that the TYMV RNA 3'-end, in particular, had
been shown to be recognized even by the protein synthetic
apparatus, led us to choose this RNA for the studies de-
scribed herein. In collaboration with A. Prochiantz and A.L.
Haenni of the University of Paris, we decided to examine
directly the tRNA-like characteristics of this region of the
viral RNA by determining its primary nucleotide sequence.

We set out to determine how closely the viral RNA mimicked
such constant tRNA features as the presence of the sequence
G-U-U-C-purine, or of modified bases, and whether we could
identify specific features that allow recognition by valyl-
tRNA synthetase. The susceptibility of TYMV RNA to specific
cleavage by E. coli "RNase P" (68) made possible the prepa-
ration of a near-homogeneous 3'-terminal RNA fragment for se-
guence analysis (work of our collaborators in Paris).

In the course of this work, reports have appeared on
partial 3'-terminal nucleotide sequences of TMV RNA (95,96)
and of EMV RNA (97); no tRNA-like cloverleaf conformations

were suggested from the data obtained (vide infra, Discussion).

Recently, a preliminary report has also appeared on the nearly
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identical 3'-terminal nucleotide sequences of the four RNA
components of BMV (98,233). These studies were all done with

in vivo [32P]-labeled RNA. However, with RNA species that
must be recovered from plant or animal tissues, it is often
difficult to label in vivo with [32P] to sufficiently high
specific activity for the application of classical radio-
chemical sequencing techniques (99). We chose to work with
non-radioactive viral RNA, and apply the in vitro [32P]

end group labeling technigues first described by Szekely and
Sanger (100), and further developed in our laboratory (18-20,

101,102).

SUMMARY OF THE CONTENTS OF THIS THESIS

In the course of our current work, several modifications
have been introduced into our established methods for the use
of [32P] end group labeling in RNA sequence analysis; in
addition, several new sequencing methods have been developed:
1 A sensitive method has been developed for modified
nucleoside composition microanalysis; this involves the use
of polynucleotide kinase to phosphorylate the 5'-hydroxyl
groups of 3'-mononucleotides in tRNA hydrolysates, and sub-
sequent fractionation of the [32P]—labeled nucleoside 3',5'-
diphosphates by two-dimensional thin layer chromatography.

An additional treatment with nuclease P; (from Penicillium

citrinum) can be used to convert the nucleoside diphosphates
to nucleoside 5'-monophosphates; these fractionate with supe-

rior resolution on thin layer chromatography. Analysis of
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nucleoside 5'-monophosphates also allows the general use of

UV marker compounds for nucleotide identifications, as such
compounds are more readily available in the monophosphate
form.

2. It has proved possible to scale down our previously pub-
lished procedures for tRNA sequence analysis (18,101) so that
T or pancreatic RNase digestion of the substrate, followed
by [32P] end group labeling of the resulting oligonucleotides,
can be performed on as little as 0.5 pug of RNA.

3. By adaptation of the two-dimensional homochromatogrpahy
system of analysis (103), it has proved possible to sequence
5'-[32p]-labeled oligonucleotides accurately and efficiently.
Longer sequences, which are beyond the resolution of the DEAE-
paper ionophoretic system of analysis used in previous work
from this laboratory (102), can also be analyzed routinely

by two-dimensional homochromatography.

4. A method has been developed which allows the 5'-terminal
or 3'-terminal regions of RNA molecules as large as viral
genomes to be sequenced directly. This involves the use of

nuclease Py (from Penicillium citrinum) to generate partial

digests of 5'- or 3'—[32P] end group labeled oligonucleotides
or high molecular weight RNA for analysis by two-dimensional
homochromatography. Preliminary results indicate that this
procedure may also be used for DNA sequence analysis.
Application of these methods to the 3'-terminal RNA

fragment prepared by "RNase P" cleavage of TYMV RNA (68) has
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led to the following results. The 3'-terminal RNA fragment,
which is 11213 nucleotides long, contains no modified nuc-
leosides. All the oligonucleotides resulting from complete
T, or pancreatic RNase digestion of the fragment have been
sequenced; no U-U-C-purine sequence was found. Through the

use of nuclease P, on 5'—[32P]—1abeled TYMV RNA 3'-terminal

1
fragment and on 3'-[32P]—labeled intact TYMV RNA, the se-
guence of 26 nucleotides from the 5'-end and 16 nucleotides
from the 3'-end of the fragment has been deduced. An addi-
tional four nucleotides at the 5'-end were sequenced from a
slightly longer 3'-terminal fragment contaminating one of our
"RNase P" digests of TYMV RNA. Based on this work, it has
been possible to compare our results with those of L. Hirth
and collaborators (104); from the combined data it is pos-
sible to order the rest of the oligonucleotides we have se-
gquenced, and hence to propose a tentative primary sequence
for the 3'-115 nucleotides of TYMV RNA. A possible tRNA-
like cloverleaf secondary structure for this sequence and the
possible overlap of this sequence with the terminal region of
the TYMV coat protein cistron are discussed.

Further application of the sequencing methodologies we
have developed has also allowed the determination of the

first nucleotide sequence of a eukaryotic organellar tRNA,

Euglena gracilis chloroplast trNAPRe | ang preliminary deter-

mination of sites of monoperphthalic acid in situ modifica-

tions of 55 RNA in bacterial ribosomes.
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MATERIALS AND METHODS

I. Materials
A. Enzymes
Ribonucleases T1 and T2 were from Sankyo Co., Ltd. (Tokyo,
Japan). RNase T1 was further purified by U. L. RajBhandary
through the chromatographic steps of Rushizky and Sober (166); the
peak column fraction, at 2.4 U/pl (ca. 1 mg/ml), was stored at

-20°C. RNase T. was dissolved in water at 1 U//ul and stored at

2
-20°c.

Pancreatic ribonuclease A (Pan RNase), snake venom
phosphodiesterase (SVP), and spleen phosphodiesterase (SP) were
obtained from Worthington Biochemicals Corp.. Pan RNase was
dissolved in water at 0.125-10 mg/ml and stored at -20°C. SVP was
dissolved in 50 mM tris-HC1l, 5 mM potassium phosphate, pH 8.9, at
1 mg/ml and stored at 40C; when stored at this concentration, there
was no appreciable loss of activity for up to 2 months. SP was
dissolved in 10 mM tris-HC1, pH 7.6, 10 mM MgCl,, at 5 U/ml and
stored at -20°C.

Bacterial alkaline phosphatase (BAP), calf intestinal alkaline
phosphatase (CAP), and yeast hexokinase (HK) were supplied by
Boehringer Mannheim Corp.. HK was also purchased from P-L
Biochemicals, Inc.. Ammonium sulfate suspensions of BAP, CAP
and HK were generally stored at 4°C. BAP was occasionally diluted

with water to a concentration of 2. 5 U/ml and stored at —ZOOC. HK

was sometimes diluted to 2. 1 U/ml in 50% glycerol, 5 mM sodium
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acetate, pH 5.0, and stored at —ZOOC; under these conditions, no
loss of activity was observed for up to 1 month.

Nuclease P1 from Penicillium citrinum (105) was purchased

from Yamasa Shoyu Co., Ltd. (Tokyo, Japan). The lyophilized
powder was dissolved in 50 mM tris-maleate, pH 6.0, at 1 mg/ml
and stored at -20°C. It was diluted, as necessary, in 50 mM
ammonium acetate, pH 5. 3, the buffer used for RNA and DNA
digestion; at a concentration of 0.002 mg/ml in this buffer, it could
be stored at -20°C for 2 weeks without loss of activity.

T4 polynucleotide kinase, prepared according to Panet et al.
(106), was generously supplied by Dr. A. Gillum. Highly purified
tRNA nucleotidyl transferase from E. coli was a kind gift of Dr. D.
Carre to A. Prochiantz.

Yeast phosphoglycerate kinase (PGK) and rabbit muscle
glyceraldehyde-3-phosphate dehydrogenase (GAP-DH), used in the
preparation of r [SZP] ATP, were purchased from Boehringer
Mannheim Corp.. The ammonium sulphate suspensions were stored

at 4°C. A crude mixture of E. coli nucleoside mono- and

diphosphate kinases, prepared according to Bishop (107) and
dialyzed free of ammonium sulphate, was a kind gift of Dr. T.
Sekiya; it was stored at -20°C and was used in the preparation of

& [>?P] ATP.

B. Chemicals
The disodium salt of ATP was purchased from Sigma Chemical

Co.: it was dissolved in water, titrated to pH 7 with NaOH, and
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adjusted to 50 mM spectrophotometrically, assuming a molar
extinction coefficient of &260 = 1.53 x 104. Aliquots (0.5 - 1.0 ml)
were stored at -20°C. The disodium salt of CTP was purchased
from P-1 Biochemicals, Inc., and was prepared and stored like the
ATP.

The nucleoside 5'-monophosphates pA, pC, pU and pG were
purchased either from Sigma Chemical Co. or from Schwarz-Mann.
The nucleoside 3'(2'), 5'-diphosphate pAp was from P-L Biochemicals,
Inc. ; the compounds pUp and pCp, prepared as described {108, 109],
were gifts from Dr. H. G. Khorana; pGp was a gift from Dr. H. J.
Gross; ribo-pTp was a gift from J. Ziegenmyer. The nucleoside
2'-O-methyl-5'-monophosphates pAm, pUm, pCm and pGm, and the
modified nucleoside 3'-phosphate % p were purchased from P-L
Biochemicals, Inc.. The modified nucleotides Nl-methyl
adenosine 5'-phosphate (prnlA) and NT—methyl guanosine
5'-phosphate (pm7G) were purchased from Terra Marine Bioresearch
Corp. Stock solutions of nucleotides were prepared by dissolving in
water and, where necessary, titrating to pH 7 with NaOH (or KOH);
concentrations were generally adjusted so that the A260 was
approximately 500. All solutions were stored at -20°C.

2', 3'-isopropylidene adenosine, used in the preparation of
o< [32P] ATP, was purchased from P-L Biochemicals. It was

dissolved in H,0:CH CN = 1:2 at 8 mg/300 ul and stored at -20°c,

3
Glutathione, 3-(D)-phosphoglyceric acid (PGA), dithiothreitol

(DTT) and spermine were from Sigma Chemical Co.. A working
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stock solution of 40 mM (13 mg/ml) glutathione in water was stored
at -20°C. PGA was stored at a concentration of 100 mM at -20°c;
DTT was stored at a concentration of 200 mM in 20 pl aliquots at
-2 0.

Ribonuclease-free A-grade bovine serum albumin (BSA) and
spermidine were from Calbiochem, Inc.. BSA was dissolved in
water at 1-10 mg/ml, and the concentration checked
spectrophotometrically, assuming an extinction coefficient of
E{TGS]OO = 5._8 (110); it was stored at -20°C. Working solutions of
spermidine at 10-100 mM concentrations were stored at -20°C.

Triethylamine (TEA), purchased from Eastman Organic
Chemicals, was distilled once from chlorosulfonic acid and then once
over KOH (or NaOH) pellets. It was stored in amber bottles at
room temperature or at A%, Triethylammonium bicarbonate (TEAB)
was prepared by bubbling glass wool-filtered COZ gas through a
suspension of 1150 ml of double-distilled TEA in 2. 51 water, kept
near 0°C in a salt-ice bath. When the pH of the solution dropped to
7.5 - 8the reaction was stopped and the TEAB concentration was
determined by standardized titration with methyl orange indicator.
The solution was adjusted to a final concentration of 2.0 M and
aliquots of 0.5 - 0.8 1 were stored indefinifely in opaque brown plastic
bottles at -20°C or -80°C. Working solutions stored at 4°c
gradually increased in pH but could be regenerated by gently bubbling
through CO2 gas for approximately 30 min..

Ultra-pure urea for polyacrylamide gel electrophoresis was

from Schwartz-Mann, Acrylamide was from Eastman Organic
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Chemicals and was recrystallized from chloroform before use;
alternatively the Eastman ""electrophoresis grade'' recrystallized
acrylamide was purchased. N, N'-methylene-bis-acrylamide was
also from Eastman, and was recrystallized from acetone before use.
Alternatively, electrophoresis grade recrystallized bis acrylamide
was purchased from Bio-Rad Laboratories.

Nitrilotriacetic acid (NTA) was the '"gold label" grade of
Aldrich Chemical Co.. It was dissolved in water, titrated to pH 7
with NaOH and stored at 50 mM or 100 mM concentrations at B
or 4°C.

Crude yeast RNA for homochromatography was type VI from
Sigma Chemical Co.. It was stored at 40C.

All other chemicals were either reagent grade or the purest

available commercial grade.

C. Radioactive Materials and Fluors

Carrier-free [32P] orthophosphoric acid in HCl-free water,
carrier-free [358] sodium sulfate in water solution, high specific
activity (50-150 Ci/mmol) % [>2P] ATP and ultra-high specific
activity (ca. 1,000 Ci/mmol) Y[?’ZP] ATP were all products of New
England Nuclear Corp.. [14C] UTP, at 350 mCi/mmol (New England
Nuclear Corp.), was a generous gift from Dr. V. Ingram.

Two fluors were used for liquid scintillation counting of
radioactive material. Toluene based scintillant contained,in toluene
solution, 0.4 g/l 2, 5-diphenyloxazole (PPO) and 0.1 g/1 1,4-bis-(2-

(4-methyl-5-phenyloxazoyl)) benzene (dimethyl POPOP). Bray's



40

solution contained, per liter of solution in dioxane, 60 g naphthalene,
4 g PPO, 0.2 g dimethyl POPOP, 100 ml methanol and 20 ml ethylene
glycol. All ingredients were either reagent grade or scintillation

grade.

D. Materials for Chromatography and High Voltage Paper

Electrophoresis

Whatman DEAE-paper (DE 81), purchased in rolls, Whatman
3MM, #540 and #1 paper sheets, and Whatman filter discs were from
Reeve Angel and Co.. Cellulose acetate strips (3 x 57 ecm) and
polyethyleneimine-impregnated cellulose (PEI-cellulose) thin layer
chromatography plates (glass-backed, without fluorescent indicator)
were from Schleicher and Schuell, Inc.. Cellulose acetate lots were
tested for minimal streaking in our usual high voltage electrophoresis
conditions at pH 3.5 (see below) with the compound 5'—[32P]—(dT)10;
the best lot (minimum streaking) was purchased in bulk. "Cellogel"
strips were obtained through Kalex, Inc.. Plastic-backed PEI-
cellulose plates (without fluorescent indicator) were Machery-Nagel
(MN) brand and were obtained through Brinkmann Instruments, Inc..
Thin layer partition chromatography was performed on glass-backed
100 g layer microcrystalline cellulose plates from E. Merck (EM).

Glass-backed DEAE-cellulose thin layer plates for
homochromatography were at first made in our laboratory, but
subsequently purchased from Analtech, Inc.. 20 x 20 cm plates were
a 250 u layer of cellulose MN300 HR/MN300 DEAE = 15/2, and

20 x 40 cm plates were a 250 u layer of MN300 HR/Avicel (EM)/MN300



41

DEAE = 10/5/2. Cellulose powders for the home-made plates were
purchased from Brinkmann Instruments, Inc.

DEAE-Sephadex A-25 and Sephadex G-50, G-75 and G-100 were
supplied by Pharmacia Fine Chemicals. Whatman DEAE-cellulose

DE-52 was purchased from Reeve Angel and Co.

E. RNA Samples, DNA Samples and Oligonucleotides

A sample of E. coli 55 RNA, used as a sizing marker in

polyacrylamide gel electrophoresis, was a gift from Ms. S. Prakash.

Met

E. coli tRNA; was a gift from Dr. B. Baumstark. In vivo

Tyr
I

according to Altman and Smith (276), was a kind gift from Dr. B.

LLarue. Neurospora crassa tRNAliVIet was a gift from Dr. A. Gillum.

Phe

uniformly [BZP]-Iabeled E. coli tRNA precursor, prepared

Euglena gracilis chloroplastic tRNA was prepared at Oak Ridge

National Laboratory, Tennessee, by Dr. L. L Hecker (155). Brewer's
yeast 1:RNAPhe was purchased from Boehringer Mannheim Corp..
Crude yeast tRNA, used as a carrier for small quantities of
radiolabeled RNA or DNA, was from a stock prepared in our
laboratory.

Several oligonucleotides used as sequence markers were from
the library of ribotrinucleotides of Dr. H. G. Khorana (111). Other
oligonucleotides were from complete T, or Pan RNase digests of
various tRNAs from previous sequencing projects in our laboratory;
sources are indicated, where appropriate, in the text (Results).

Restriction nuclease generated fragments of ¢80 pSU III DNA

were generous gifts from Drs. H. Kupper and T. Sekiya and had been
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prepared, originally, in the laboratory of Dr. A. Landy.

II. Instrumentation and Equipment

Cerenkov-counting of [32P] was performed in a Packard model
3380 liquid scintillation counter; liquid scintillation counting was
performed in the same machine or in a Beckman model 1.S250 counter.

Spectrophotometric determinations were made either in a Zeiss
PMQ II double beam spectrophotometer or in a Gilford model 2400-S
spectrophotometer. A Cary model 15 double beam scanning
spectrophotometer was used for recording UV spectral analyses.

High voltage equipment for paper electrophoresis was made by
Gilson Instruments, Inc.

An Eppendorf model 3200 microcentrifuge was used for centri-
fugation of small quantities of liquids in polyethylene or

polypropylene tubes.

III. Methods

A. General Methods

1. Polyacrylamide Gel Electrophoresis and Recovery of

Radioactive Material

Electrophoresis was generally performed in 10, 12 or 15% slab
gels prepared with recrystallized acrylamide and N, N'-methylene-
bis-acrylamide. In gels used for estimation of size of RNA, the
acrylamide/bis acrylamide ratio was 40/1 (which gave a linear
relationship between mobility and log of RNA chain length), while for
preparative runs a ratio of 20/1 was used, which generally gave

better resolution. The buffer system was the Tris-borate-EDTA
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system of Peacock and Dingman (112), with the addition of urea
(ultra-pure) to 7 M; no urea was used in the running buffer.

The electrophoretic apparatus generally consisted of two
chambers of buffered electrolyte, with a double thickness of Whatman
3MM paper wick connecting the top of the gel to the top buffer
chamber, as described by Akroyd (113). Alternatively, an apparatus
allowing direct gel to buffer contact in the upper chamber, designed
according to Studier (114), was used.

Samples of RNA were dissolved in 10 - 15 ul of 90 mM Tris,
90 mM borate, pH 8.3, 10 mM EDTA, 7 M urea, 25% sucrose and
0. 1% each of the tracking dyes bromophenol blue and xylene cyanole
FF. The solution was heated to 100°C for 2 min., chilled and then
used for electrophoresis. Electrophoresis was either at room
temperature or at 4OC, with a constant voltage gradient of 10 - 20
V/cm.

Radioactive bands were located by autoradiography, excised
from the gel and counted (Cerenkov) in a liquid scintillation counter.
The material in the excised bands was either extracted by grinding
in a glass-teflon homogenizer in 0. 3 M NaCl, 30 mM sodium citrate,
pH 8, as published (20, 102), or was recovered by electrophoretic
elution as described by Knecht and Busch (115). In the latter
procedure, which reproducibly gave at least 80% recovery,
electrophoresis was in pasteur pipettes with shortened tips that
were plugged with 5% polyacrylamide in gel buffer. The plugged
elution tubes were prerun for 3 - 12 hr at 1. 5 mA/tube.

Dialysis sacs containing approximately 0.5 - 1.0 ml of gel buffer

were then attached, the excised gel bands were inserted, and 0. 25 -
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1.0 A units (12.5 - 50 ug) of carrier yeast tRNA in 25% sucrose

260
was layered onto the surface of the plug. Electrophoresis was in
fresh running buffer at room temperature for 6 - 14 hr at 1 - 2
mA/tube. The eluted radioactive material was freed of salt by
extensive dialysis (2 - 3 days) against water and lyophilized; it was
resuspended in small volumes of water and stored at -20°C or -80°C.
Two-dimensional gel electrophoresis was according to
De Wachter and Fiers (116) with several modifications. The first
dimensional polyacrylamide slab was prerun in a running buffer
containing 4 - 5 mM EDTA in addition to 25 mM sodium citrate, pH
3. 5; although the gel slots were filled with buffer containing 7 M urea,
the tray buffer did not contain urea. For the sample run, the gel slots,
too, were filled with citrate-EDTA buffer that did not contain urea.
RNA samples were dissolved in 10 - 20 ul of 25 mM citrate, pH 3.5,
10 mM EDTA, 7 M urea, 25% sucrose and 0. 1% each of the tracking
dyes bromophenol blue and xylene cyanole FF. The samples were
heated to 65°C for 5 min, chilled, and then used for electrophoresis.
Electrophoresis was at 4°C with a constant voltage gradient of 10 - 20
V/cm. After autoradiography, a 15 - 16 cm section of the first
dimensional gel track was excised and the second dimensional gel was
polymerized directly onto it. The second dimensional buffer system
also contained 5 mM EDTA in addition to 40 mM Tris-citrate, pH 8.
Electrophoresis was at 4°C with a constant voltage gradient of
5 - 10 V/cm. Recovery of material from this gel was by

electrophoretic elution, as described above.
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2. Thin Layer Chromatography

Cellulose plates were either used directly from the box, or,
for optimal resolution, were prerun in the intended chromatography
solvent and dried before use. Plastic-backed PEI-cellulose plates
were prerun in water and dried before use; the prerun plates could
be stored up to four weeks at 4°C. Glass-backed PEI-cellulose
plates, which were run in formic acid buffers, were doubly prerun
before use; they were first prerun in 2M pyridinium formate, pH 2,2,
dried, and then prerun in water. The prerun plates could be stored
for 3 - 4 weeks at 4°C.

Samples to be spotted on cellulose thin layer plates were
generally adjusted to 0.5 - 2 ).11 volume; DEAE-cellulose and
PEI-cellulose plates could accommodate up to 10 }.11 sample volumes.
All thin layer chromatography, except homochromatography, was run
at room temperature.

The following solvent systems were prepared weekly, as
needed, and stored in air-tight bottles; solvent (f), however, was

freshly prepared immediately before use:

(a) isobutyric acid: concentrated NH4OH: H,O
66:1:33, v/v/v (pH 3.7)

(b) isobutyric acid: concentrated NH4OH: HZO

557:38:385, v/v/v (pH 4. 3)
(c) 0.1 M sodium phosphate pH 6. 8: ammonium sulfate:
n-propanol = 100: 60:2, v/w/v
(d) t-butanol: concentrated HC1: water = 70:15:15, viv/v
(e) 0.8 M LiCl, 0.8 M acetic acid

(f) 2 M pyridinium formate, pH 3.4
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(g) isopropanol:concentrated NH4OH:0. 1 M boric acid =
7:1:2 (v/v/v)

UV-absorbing material was detected under a 254 nm emitting
UV light; radioactive material was detected by autoradiography.
Removal of spots containing radioactive material from thin layer
plates was according to the procedure of Turchinsky and Shershneva
(117). The spot to be eluted was circumscribed, and a drop of
solution containing 5 - 10% nitrocellulose in ethanol:acetone (1:1) was
spread on it. After drying, the cellulose platelet was lifted from the
plate and counted either in toluene-based scintillant, or in Bray's
solution. The latter fluor was found to exhibit less quenching of [32P]
counts in this system; this is probably because the nitrocellulose
redissolves in dioxane.

For elution, cellulose spots on thin layer plates were scraped
off the surface of the plate with a flamed surgical blade and collected
by suction into conical plastic Eppendorf pipette tips plugged with
glass wool. Elution was by centrifugation of liquid through the packed
cellulose into a tube below. Cellulose was eluted with water; PEIL-
cellulose was eluted with 2 M TEAB; elution of radioactive material
was monitored with a geiger counter or by Cerenkov counting.

3. Fingerprinting

Fingerprinting of oligonucleotides by two-dimensional
ionophoresis was according to Brownlee (99), with two minor
modifications in the first dimension: 1) the cellulose acetate strip
was wetted in pH 3. 5 buffer that contained 2 mM EDTA in addition to
5% pyridinium acetate and 7 M urea, and 2) ionophoresis in the first

dimension was run in a tank prewarmed to 30 - 35°C (by running a
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small sheet of 3MM paper wetted in 5% pyridinium acetate, pH 3. 5,
in the tank for 15-30 min at maximum voltage, without cooling). For
samples containing more than 0.2 M salt and/or more than 0.2 A260
units of RNA, '""Cellogel" strips were used in place of cellulose
acetate.

An alternative to DEAE -paper ionophoresis in the second
dimension was used occasionally. It involves thin layer
chromatography on polyethyleneimine cellulose using solvent (£) (118).
This latter procedure is more rapid than ionophoresis on DEAE-
paper, . yields more compact spots and is sometimes useful for
separating radioactive products which do not resolve or streak on
DEAE-paper (vide infra, Results II).

Oligonucleotides were located by autoradiography; elution of
material from either DEAE-paper or PEI-cellulose was in 2 M TEAB.
TEAB was removed by repeated lyophilization (or repeated
evaporation) from water; carrier yeast tRNA (5 - 50 ug) was usually
added at this step to minimize losses of radioactive material by
adsorption to plastic test tube walls.

4, Homochromatography

RNA digests ("homomixes') for DEAE-cellulose thin layer
chromatography were prepared by adding KOH to 3.2 - 3. 5% yeast
RNA in 7.8 - 8.2 M urea (previously adjusted to pH 7.0) to a final
concentration of approximately 10, 25, 50 or 75 mM KOH, and incubating
at 65°C for 20 - 24 hr, After cooling to room temperature, the pH
of the solution was brought down to 4. 5 - 4, 7 with acetic acid, and

the volume then adjusted to give a final RNA concentration of 3% in
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7 M urea. The less KOH in the digestion step, the greater the
average chain length of the RNA in the respective solution and the
stronger its elution power. Two-dimensional homochromatography
was as described by Sanger and coworkers (103), using ionophoresis
on cellulose acetate strips at pH 3. 5 in the first dimension and DEAE-
cellulose thin layer chromatography in ""homomix' in the second
dimension. The modifications described above for ionophoresis in
the first dimension during fingerprinting were also applied in this
case. Chromatography in "homomix'" was at 65°C. 20 x 20 cm
plates were run in glass TLC tanks and 20 x 40 cm plates were run
in custom-designed plexiglass tanks built for us by Wilbur Scientific
(Boston, Ma. ).

5. Autoradiography

Autoradiography of paper or thin layer chromatograms, or of
polyacrylamide gels used either Kodak Royal-X-O-Mat or Kodak
No-Screen medical X-ray film; the latter was found two to three
times more sensitive to [32P] and allowed shorter exposure times.
Radioactive marker ink was made by dissolving xylene cyanole FF

dye in [358] sodium sulfate in water.

B. Preparation of the TYMV RNA 3'-Terminal Fragment

The following was the work of Dr. Alain Prochiantz at the
University of Paris, France.

Phenoxyacetic acid-N-hydroxysuccinimide ester and [14C]—
Valine (225 mCi/mmol) were from Schwartz-Mann. The RPC-5

chromatography system was similar to that of Pearson et al. (119)
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and consisted of polychlorotrifluoroethylene resin (Voltalef 300 LD-PL
micro) coated with a quaternary ammonium salt, a trialkylmethyl-
ammonium chloride (Adogen 464). The DEAE-cellulose resin

(0.875 meq/mg) was from Bio-Rad, and Sephadex G-100 (coarse)
from Pharmacia; benzoylated DEAE-cellulose was a gift from Dr,.

J. P. Waller.

Chinese cabbage leaves infected with TYMV were kindly
provided by Drs. S. Astier-Manifacier and P. Cornuet. TYMV was
extracted and purified according to Leberman (120), and the RNA
obtained by phenol extraction.

Partially purified E. coli valyl-tRNA synthetase (Val RS) was
prepared as already described (65). '"RNase P' was purified from
E. coli MRE 600 up to the DEAE-Sephadex chromatography step of
Robertson et al. (79), using [14C]-va1y1—RNA of TYMV as substrate
in place of tRNA'I1|Yr precursor.

Preparation of the 3'-terminal fragment was based on the
ability of the viral RNA to be aminoacylated with valine and to be
cleaved by "RNase P!, Purification of this fragment was based on
the aminoacylation of the RNA with [14C]-va.line and phenoxyacetyla-
tion of the valine moiety. The purification was followed by
following [14C], and the phenoxyacetyl valine moiety provided the
basis for the final purification step on Benzoylated DEAE cellulose.
The purification scheme is summarized in Table I.

Viral RNA (70 mg) was charged with [14C] -valine as already
described (65). The level of acylation was about 0. 37 mole per mole

of RNA (assuming the molecular weight of the RNA to be 2 x 106
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daltons). After incubating with "RNase P'" (68), the mixture was
extracted with phenol, and the RNA was recovered by ethanol
precipitation and then resuspended in a minimum volume of 0.1 M
NaCl, 0.01 M sodium cacodylate pH 6, before loading onto a
Sephadex G-100 column (90 x 5 cm). Fractions containing the

[14

of 4. 58 in a sucrose density gradient) were pooled and precipitated

C]-labeled RNA fragment(s)}of an average sedimentation constant

with ethanol.

The valyl-RNA was then dissolved in water and the valyl
residue phenoxyacetylated according to Gillam et al. (121) as
modified by Demushkin et al. (122). The solution containing the
phenoxyacetylated [14C]-va1yl-RNA was adjusted to the salt
concentration of the starting buffer for RPC-5 chromatography.

The column (110 x 0.8 cm) was pre-equilibrated with 0.4 M
NacCl, 10 mM potassium acetate pH 5, 10 mM MgCl2 and 10 mM
f@ -mercaptoethanol; chromatography was at room temperature.
The RNA was applied to the column and was then eluted with a linear
gradient (0.4 to 1 M NaCl; total volume: 800 ml) in the potassium
acetate -- MgCl, -- g -mercaptoethanol solution. Two peaks of

[14

Schofield et al. (123), it was found that the first peak consisted of

C]-valine-containing material were obtained. Using the assay of

[14C]—-valy1-RNA. The second peak, containing the phenoxyacetylated
material, was pooled and applied to a column (5 x 0.7 cm) of
benzoylated DEAE-cellulose previously equilibrated with a solution
containing 1 M NaCl, 0.05 M potassium acetate pH 5 and 0.01 M

MgCl,. The column was washed with the same buffer and then with
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Table 1. Steps in the purification of the TYMV RNA fragment.

Purification RNA cpm/mg pmol/mg  Purity*
steps (mg) RNA RNA (%)

Aminoacylation with
[14d-valine 70 44,000 105 0.4

Cleavage of [14C]-va,1y1—

TYMV RNA with "RNase

P'' followed by Sephadex 2.4 450, 000 1,050 4.1
G-100 column

chromatography

RPC-5 column

0.085 3,500,000 8,200 32
chromatography

Benzoylated DEAE
cellulose column 0.031 7,800,000 18, 300 71
chromatography

*100% purity would correspond to one pmol of valine bound per pmol

of RNA of 38, 000 daltons molecular weight.
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2 M NacCl in the potassium acetate-MgClZ solution. A linear gradient
(0 to 20%; total volume: 20 ml) of dioxane in the 2 M NaCl -- potassium
acetate -- I\/IgCI2 solution was then applied. The radioactive material,
which came off as a sharp peak at about 5% dioxane was pooled and
recovered by ethanol precipitation. The ethanol precipitate was

dried and sent to us in Boston for further analysis. Several
independent TYMV RNA fragment preparations were used for the

work described in this thesis.

Table I shows the steps used in the purification of the fragment
and the percent yield and purity at the various stages of a typical
purification experiment. Starting from 70 mg of viral RNA, a total
of 31 ug of the TYMV RNA 3'-fragment was obtained after the final
chromatography stepon benzoylated DEAE-cellulose. Although the
data in Table I, based on the ratio of [14C]-valine cpm to RNA vyield,
indicate that the fragment is only 71% pure, more direct analyses
described below ( Results II ) showed the fragment to be nearly
homogeneous, and it was therefore used for sequence studies.

The rather low yield of the purified fragment is not entirely
clear. Possible contributing factors include: 1) relatively poor
aminoacylation of these RNA preparations by E. coli aminoacyl-tRNA
synthetase (cf. ref. 75); 2) incomplete cleavage by preparations of
'""RNase P'" (this phenomenon is further discussed below); 3) rather
sharp cuts pooled from the various column chromatographic peaks
in order to obtain more homogeneous preparations for sequence

studies.
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C. Preparation of 3{[32111 ATP

3/[3213] ATP was prepared by minor modifications of the
method of Glynn and Chappell (124). Carrier-free [3213]
orthophophosphoric acid was purchased at a concentration of 20 mCi
in 50 jl of water., This was transferred to a 15 ml conical
polystyrene test tube; 10 ul of concentrated buffer was added to give
a final concentration of approximately 50 mM tris-HC1, pH 7. 6,

7 mM MgClz, 2 mM glutathione and 0.4 mM 3-phosphoglyceric acid,
and a total of 20-25 nmol of ATP. The reaction was initiated by
addition of enzymes: 20 ug of glyceraldehyde-3-phosphate dehydro-
genase and 10 ug of 30 phosphoglycerate kinase in a total volume of
3 pl). Incubation was at room temperature.

The extent of exchange of [32P] into ATP was assayed
periodically, including a zero time point (before addition of enzymes),
by diluting 0. 5 pl aliquots of the reaction mixture into 1.9 or 2 ml of
charcoal suspension. The charcoal suspension contained 10%
charcoal, 0.5 mM sodium phosphate, 0.5 mM sodium pyrophosphate
and 25 mM HCl. After centrifugation, 2 ul aliquots of the supernatant
were spotted onto filter discs and counted for [32P] in toluene-based
scintillant.

32P]

The reaction was generally continued for 30 min and |
exchange yields were generally 65-80%. The reaction was stopped
by dilution with water and loaded onto a small (generally 2. 5 ml bed
volume) DEAE-Sephadex A25 column equilibrated in 0. 05 M TEAB.
Unreacted inorganic [32P] orthophosphate was washed out in 0.1 M

TEAB; a linear gradient of 0.1 - 1,0 M TEAB (total volume 100 ml)
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was then applied. ATP eluted in a sharp peak at 0.4 - 0.5 M TEAB.
TEAB was removed from the pooled peak fractions by repeated
evaporation from water at 35°C on a Buchler "evapomix'' device.
The ATP was then dissolved in water and neutralized with 4-6 pl of
0.1 N NaOH. Occasionally, a UV spectrum was taken at this point
to assess the spectral purity and measure the concentration of the
ATP. Radiopurity was checked by TLC on plastic-backed PEI-
cellulose plates run in solvent (e). It was found that the calculated
specific activity (reaction yield x total [3213] added/total ATP added)
agreed very well with the measured specific activity (Cpm/‘AZ_éO);
in later preparations, therefore, spectrophotometric measurements
were usually dispensed with to avoid unnecessary exposure to
radiation. Specific activities were generally 500 Ci/mmol. The
Y [32P] ATP was stored in 50% ethanol, 5 mM Tris-HCl, pH 7.5 -
8.0, at a concentration of ca. 10 uM. At -‘ZOOC, it was stable for

up to 4 weeks.

D. Preparation of o<[32P] ATP

The preparation of »=<[32P] ATP was adapted from the procedure
of Symons (125), as modified by Padmanabhan and Wu (126), so as to
achieve a specific activity of ca. 500 Ci/mmol. The procedure
consisted of chemical phosphorylation, with [32P], of 2',3'-
isopropylidene adenosine, removal of the isopropylidene protecting
group, and enzymatic conversion to the triphosphate form with
E. coli nucleotide kinase,

2',3'-isopropylidene-adenosine was dissolved at 8 mg/300 ul
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in water:acetonitrile = 1: 2; carrier-free [32P]-orthophospha.te was
diluted with non-radioactive phosphoric acid to a specific activity
of 500 Ci/mmol. 15 pul of the isopropylidene adenosine solution was
added to the diluted [32P] and the mixture was rendered anhydrous
by evaporating five times from acetonitrile. The material was then
resuspended in 50 ul of vacuum-distilled dimethyl sulfoxide (DMSO)
to which were added the following: 1 pl of trichloroacetonitrile
(vacuum-distilled), and 1 ul of triethylamine (double-distilled; see
above). Reaction was at 370C; incorporation of [32P] was assayed
by diluting 1/2 ul aliquots of the reaction into charcoal suspension,
as for the j/ [3213] ATP (see above). After 30 min at 37°C, the
reaction was put on ice while the last assay time point was counted;
if the reaction had gone less than 50% at this point, a second
addition of trichloroacetonitrile and triethylamine was made, as
before, and the reaction continued again for 15 min at §7 ¢, By
this point, reaction yields were generally 60 -70%.

DMSO was evaporated off under high vacuum at 100°C. The
residue was then resuspended in 500 jul of 5 M acetic acid and the
isopropylidene protecting group was removed by heating at 100°C
for 90 min in a stoppered tube. Thin layer chromatography in
solvent (g) was used to confirm the quantitative removal of the
isopropylidene group. Acetic acid was removed by repeated

32

evaporation from water. Enzymatic conversion of the [T P] AMP

to ATP was accomplished by dissolving the deprotected nucleotide
in 90 jul of 0.2 M Tris-¥CI1, pH 7.5, 0.04 M KC1, 0.01 M MgClz,
10 mM phosphoenolpyruvate and 5 pM non-radioactive ATP, to which
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were added 30 ug of pyruvate kinase and 10 ul of crude E. coli

nucleotide kinases (see above; 107). The reaction was at 37°C for
90 min; it was stored on ice while the extent of conversion of
[32]?] AMP to ATP was checked by TLC on a PEI-cellulose plate in
solvent (e). Although the reaction yield was generally greater than
90% after 90 min incubation, it was occasionally found necessary to
resume incubation at 37°C (this may have been due to residual
DMSOQ in the reaction) for several more hours until this yield was
attained. Final purification of the & [3213] ATP was by column
chromatography on DEAE-Sephadex A25, as for X[32P] ATP (vide

ante). Final storage conditions were also as for J/[?’ZP] ATP.

E. 5'-End Group Labeling of the TYMV RNA Fragment and

Other Polynucleotides with [32P]

The RNA or DNA was first treated with phosphatase and then
labeled with [BZP] at its 5'-end using polynucleotide kinase.

For RNA, the incubation mixture (10 ul) for the first step
contained 0.5 - 2.5 ug of RNA, bacterial or calf intestinal alkaline
phosphatase (0.002 - 0,004 unit) and 50 mM Tris-HCI1, pH 8.0,
Incubation was at 55°C for 30 min. The phosphatase activity was
then destroyed by making the solution 5 mM in nitrilotriacetic acid
(NTA), incubating for 20 - 30 min at room temperature, and then
for 2 - 4 min at 100°C (101). The incubation mixture (10 jul) for the
second step contained 0.25 - 0. 5 ug of the phosphatase-treated RNA,
T4 polynucleotide kinase (2 units), 25 - 100 mM Tris-HC1, pH 8.0,

10 mM MgClz (where necessary, additional I\/IgCl2 was added to
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balance the NTA concentration), 15 mM ,@’ -mercaptoethanol and
50-100 uM )Y [SZP] ATP. Incubation was at 37°C for 30 min. The
reaction mixture was lyophilized and then subjected to polyacrylamide
gel electrophoresis,

To phosphorylate intact, double-stranded DNA, the boiling step
to destroy alkaline phosphatase activity was omitted. Instead, after
20-30 min at room temperature in 5 mM NTA, the solution was
extracted twice with equal volumes of chloroform:isoamyl alcohol =
24:1, at room temperature. The pooled organic phases were
back-extracted twice with 10 ul volumes of water, and the total
pooled ageous phases were then extracted 6 times with diethyl
ether, The aqueous solution was then incubated for 20-30 min at 3796
to drive off residual ether and lyophilized. The kinase phosphoryla-
tion reaction was as above, or in a somewhat modified reaction
condition described below. In general, as DNA is less susceptible
to attack by unspecified nucleases contaminating various enzyme
preparations, both the phosphatase and the kinase reactions could be
done with as little as 1/10 the substrate used in RNA reactions, and
at approximately the same enzyme levels, without appreciable
reduction in yield. This was true for both native double-stranded and
denatured DNA.

In some experiments, commercial phosphatase was treated
with diethyl pyrocarbonate (127) before use, to reduce ribonuclease
contamination. In addition, a modified polynucleotide kinase reaction
condition was sometimes used in later work to obtain better yields of

5’-[32P]—1abe1ed tRNA or flush-ended DNA restriction fragments.
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The enzyme (2 units) and substrate were essentially unchanged; the
other components were 25 mM Tris-HC1, pH 7.6 or 8.0, 10 mM
MgClz, 10 mM DTT (instead of £ -mercaptoethanol), 25-75 mM

a’ [32P] ATP, and 10% glycerol, and a final concentration of 10¥/mil
BSA. Incubation, as before, was for 30 min at 37°C.

32

F. 3'-End Group Labeling of TYMV RNA and of tRNA with [~ P]

32
Labeling of the 3'-end of TYMV RNA with [T P] was essentially
as previously described (89), except that e [32P] ATP was substituted
for [3I—I] ATP. 500 pg of intact TYMV RNA was incubated in 500 ul

of 50 mM Tris-HCI, pH 8.0, 10 mM MgCl1 8 mM DTT, 10 uM

20
75 [32P] ATP with 30 ug of tRNA nucleotidyl transferase; the reaction
was at 37°C for 90 min. TYMV RNA was recovered by ethanol
precipitation and separated from unreacted o< [32P] ATP by gel
chromatography on a column of Sephadex G-75 equilibrated in 0, 02 M
TEAB. TEAB was removed from the pooled void volume peak
fractions by repeated evaporation from water and the RNA was stored
in 500 jul of 10% ethanol at -80°C.

3'-end group labeling of tRNA was similar, except that the
tRNA was first treated with snake venom phosphodiesterase (SVP)
under mild conditions to remove part of the 3'-terminal C-C-A. A

typical reaction used 0.1 A (5 mg) of tRNA; incubation was at room

260
temperature in 10 ul of 50 mM Tris-HC1, pH 8.0, 10 mM MgCl,, with
0.25 pg of SVP, for 10-15 min. The reaction mixture was then

extracted twice with an equal volume of phenol or with chloroform/

isoamyl alcohol (24:1), After 2 back-extractions with water,
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recovery of RNA was either by ethanol precipitation or by six
extractions with ether, followed by lyophilization. In the subsequent
reaction with tRNA nucleotidyl transferase, 0.01 - 0.05 AZ()O

(0.5 - 2.5 ug) of SVP-treated tRNA was incubated in 10 pul with 1 pg
of enzyme in essentially the same buffer as for TYMV RNA labeling,
except that the K [SZP] ATP concentration was increased to 30 uM and
30 uM non-radioactive CTP was also added. Because of the higher
concentration of nucleoside triphosphates, the reaction was faster,
and incubation at 37°C was only continued for 45 min. Final
recovery of 3'-end group labeled tRNA was sometimes by gel
chromatography using Sephadex G-50 or G-75, but usually by gel
electrophoresis.

G. Analysis for the Presence of Modified Nucleosides in RNA and DNA

This consisted of the following steps: 1) complete digestion of

RNA with T. RNase, 2) labeling of the nucleoside 3'-phosphates thus

2
produced with [32P] using polynucleotide kinase, 3) conversion of
excess of b”[32P] ATP to glucose 6-phosphate with hexokinase and
glucose and 4) separation of the [32'P]-nuc1eoside—3', 5!'-diphosphates
by two-dimensional TLC. In more recent work, an additional
enzymatic step is included (see Results), wherein the 5’-[32];3]_
nucleoside-3', 5'-diphosphates, after step 3,are converted to 5'—[32P]-
nucleoside monophosphates by treatment with nuclease Pl' These
are then separated by two dimensional TLC.

For the RNase digestion, the incubation mixture (10 jul)
contained 0.01 A260 units (0.5 pg) of RNA, TZ RNase (0.05 units) and

10 mM ammonium acetate buffer pH 4. 5. Incubation was for 5 hr at



60

37°C. The digest was lyophilized and redissolved in 10 mM Tris-HCl1
pH 8.0, 10 mM MgCl,, 15 mM & -mercaptoethanol, 250 uM

X [SZP] ATP and polynucleotide kinase (2 units) in a final volume of
10 pl. The use of an alternative kinase reaction buffer, containing
DTT instead of mercaptoethanol, and also BSA and glycerol (vide ante),is
discussed under Results. In either buffer, the kinase reaction was
generally for 30 min at 37°C. Excess 3/[32P] ATP was then destroyed
by adding glucose to 2 mM concentration and 0. 008 U of

hexokinase. (This is 4 times the hexokinase concentration used in
fingerprinting -- see below.) After 10 min at 370C, 2. 5 nmole of
non-radioactive ATP was added; this was repeated after 10 more min,
and then, after 10 final min at 37°C, the reaction was stopped by
freezing.

If the [32P]—1abeled digest was to be further treated with
nuclease Pl’ it was first deproteinized by extracting twice with
equal volumes of chloroform/isoamyl alcohol (as described above for
tRNA). The final, 1yophilized material was resuspended in 20 ul of
water. 5}.11 of this was incubated with 2 ug of nuclease ’.l?’1 in 75 mM
ammonium acetate buffer, pH 5.3, in a total volume of 10 ul;
reaction was for 3 hr at 37° C. The material was then stored frozen
without further treatment.

Analysis of DNA oligonucleotides for the presence of modified
nucleosides was based on the same principles as analysis of RNA,
except that the initial digestion of the DNA to nucleoside-3'-
monophosphates was with spleen phosphodiesterase (SP). The reaction
mixture (10 ul) contained 0.01 A, units of DNA, SP (5 x 10™% U) and

50-75 mM ammonium acetate buffer; incubation was for 4-5 hr at
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37°C. The solution was then deproteinized by extraction, as above,
and then labeled with [32P] precisely as for RNA. Further treatment

with nuclease P, was also precisely as for RNA.

1
In all cases, 1l aliquots of the final reactions, to which were
added appropriate non-radioactive carrier mononucleotides (which
also served as UV markers), were used for two-dimensional
separations by TLC. Analysis was on cellulose plates in solvents (a)
or (d) in the first dimension, and solvent (c) in the second dimension.
To maximize resolution in solvent (a), it was found useful to attach
a Whatman 3MM paper wick at the top of the plate and continue
development until the solvent front had run approximately 0.5 cm
beyond the top of the plate (this took about 12 hr at room temperature).
Additionally, it was found necessary, with either solvent (a) or
solvent (d), to wait at least 24 hr, and preferably 48 hr, between the
first and second dimensional runs to allow the first dimensional

solvent to evaporate completely.

H. Nucleotide Sequence Determination

Conditions for the complete T1 or pancreatic RNase digestion
of the TYMV RNA 3'-fragment, subsequent treatment with bacterial
alkaline phosphatase, and 5'-end labeling with )’ [32P] ATP and
polynucleotide kinase were essentially as published (101), except that
the initial RNase digestion was proportionally scaled down (18) to
utilize 0.5 - 2, 5 ug of RNA. The B/[?)ZP] ATP used was generally
200-500 Ci/mmol.

The incubation mixture for complete digestion (3-10 ul)
contained 50 mM Tris-HC1, pH 8.0, 0.5 - 2. 5 ug of RNA,

and either T. RNase (0.2 U/ug RNA) or pancreatic RNase

1
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(0.05 ug/ug RNA), = After three hr at Y 9 E. coli
alkaline phosphatase (0.5 x 10-3 U/ng RNA) was added, and the
incubation was continued for two more hr at 37°C. The solution was
then cooled to room temperature and 0.1 volume of 50 mM NTA was
added. After 20-30 min at room temperature, the solution was heated
at 100°C. for 2 min to inactivate the phosphatase, then stored frozen
until needed for in vitro labeling with polynucleotide kinase.

The 5'-end group phosphorylation reaction (10 ul volume)
contained 0. 5 ug of RNA, treated as described above, 10 mM
MgCl,, 15 mM ﬁ-mercaptoethanol, 1.6 - 1.8 nmol Y[32P] ATP
(200-500 Ci/mmole) and 2 U T4 polynucleotide kinase. Tris-HCIl
buffer, pH 8.0, was not added, as it was already present in the
digested RNA and in the 3/[3213] ATP to provide a total concentration,
in the reaction,of 20-100 mM. Incubation was at 37°C. After 30 min,
glucose (20 nmol) and hexokinase (0.002 - 0.003 U) were added, and
incubation was continued for 10 min; 2. 5 nmol of non-radiocactive ATP
was then added, and after 10 min more of incubation, a final 2. 5 nmol
of ATP was added. The reaction was incubated a final 10 min at 37°C,
then stored frozen until use for two-dimensional electrophoresis.
Purified oligonucleotides were phosphorylated under essentially
identical conditions, except that less RNA (0.2 - 0. 25 pg) was
sometimes used.

5'-end group labeled oligonucleotides obtained from T1 or
pancreatic RNase digestion of RNA were "fingerprinted' as described
above. Purified oligonucleotides, after 5'-end group labeling, were

generally resolved from [32P] glucose-6-phosphate by one-dimensional
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ionophoresis on DEAE-paper in 7% formic acid. Radioactive material
was located by autoradiography and eluted in 2 M TEAB; elution of
DEAE paper was in a device like that described by Barrell (128),
and elution of PEI-cellulose plates was as described above.

Sequence analysis of recovered oligonucleotides was in two
stages, 5'-end group analysis and complete sequence analysis. For

32P]-1abe1ed 5'-end group, 5,000 cpm of each

analysis of the [
oligonucleotide was used for complete digestion with snake venom
phosphodiesterase (SVP) and an equal amount for complete digestion
with T2 RNase. The SVP reaction (4-5 ul) contained 1 pg SVP/ug
carrier yeast tRNA in 50 mM Tris-HCl, 5 mM potassium phosphate,
pH 8. 9; incubation was for 2 hr at 37°C. The T, RNase reaction
(5ml) contained 0.1 U ’I‘Z/,ug carrier yeast tRNA in 10-30 mM
ammonium acetate buffer, pH 4. 5; incubation was for 3 hr at 37OC.
In either reaction, appropriate UV marker compounds were added
at the end of the incubation, and the solutions were lyophilized and
resuspended in 2 yl of water. Analysis of the *pNOH end groups
released by SVP and of the *pr end groups released by T, RNase
was by one-dimensional TLC on cellulose plates in each of two
solvent systems, solvent (a) and solvent (c).

Nuclease P1 may also be used for 5'-end group analysis of
5'-terminally labeled RNA or DNA. The reaction (10 ul) contains
1 pg P, /1-10 pg carrier yeast tRNA in 50 mM ammonium acetate
buffer, pH 5.3. Incubation is at 37°C for 5 hr. Analysis of 5'-end
groups, which are identical to the 5'-mononucleotide end groups

produced by SVP digestion, is by TLC, as described above.
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Complete sequences of oligonucleotides were determined by
partial digestion with snake venom phosphodiesterase. The
enzymatic digestion was at room temperature for 160 min in 50 mM
tris-HC1, 5 mM potassium phosphate, pH 8.9, with 1 ug of enzyme
per 5 ng of carrier yeast tRNA; a typical reaction contained 2 x 105
cpm of [32P]-1abe1ed oligonucleotide in a total volume of 50 ul.
Aliquots (5 pl) were removed at 0,1,2,5,10,20,40,80 and 160 min,
made 1 mM in EDTA, and heated at 100°C for 2 min to inactivate the
enzyme; they were stored frozen until use. Prior to sequence analysis,
the accumulation of intermediate degradation products in the aliquots
was tested on:smiall portions by one-dimensional homochromatography
(see above). Aliquots were then pooled so as to best display the full
range of partial degradation products. The oligonucleotides present
in the partial digest were separated and identified by either one or in
most cases both of the following systems:

1) one dimensional ionophoresis on DEAE-paper at pH 3. 5 and/
or 1.9 was used to establish the sequence of short oligonucleotides or
the 5'-proximal portion of long oligonucleotides; whenever
possible, partial digests of known 5'—[32P]-1a.be1ed oligonucleotides
were run alongside as markers;

2) sequences of longer oligonucleotides were also established
by two-dimensional homochromatography (see Results).

A fuller description of these methods is given below (Results).

I. Partial Digestion of End Group Labeled RNA or DNA with

Nuclease El

Nuclease P1 was used to generate partial digests, both of high
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molecular weight RNA and DNA, and of oligonucleotides. The
incubation mixture contained 5'- or 3'-[32P]-end group labeled RNA
or DNA, carrier yeast tRNA and nuclease P1 (105) at a ratio of 15

ng enzyme/ 100 ug of carrier RNA. Incubation was in 50 mM
ammonium acetate buffer pH 5. 3, at ZOOC; native, double-stranded
DNA, however, was digested at 37°C (see Results). In general,

5-10 x 104 cpm of material was incubated in a total volume of 50 ul
using 25 ug of carrier yeast tRNA, Aliquots were removed at various
times (usually 2-30 min), boiled 3-4 min in 5 mM EDTA to inactivate
the enzyme, and analyzed for the extent of digestion by one-dimensional
homochromatography. Appropriate aliquots were then pooled and
analyzed by two-dimensional homochromatography. For high
molecular weight polynucleotides, removal of aliquots at 2 min and

5 min, and occasionally also at 10 min was found most useful; for
oligonucleotides, removal of aliquots at 5 min, 10 min and 20 min was
generally found most useful. Where material was scarce, therefore,
reactions were scaled down appropriately and only two or three

time point aliquots were taken. At least 10,000 CPM was used for

two-dimensional homochromatography.
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RESULTS

I. Sequencing of Non-Radioactive RNA

The basic principles of sequence determination are the
same for both radioactive and non-radioactive RNA. The
molecule is first degraded to mononucleotides, either chemi-
cally or enzymatically, and its overall base composition is
determined; for tRNA, in particular, it is also important
to determine the identity and yield of all modified nucleo-
sides. The sequencing strategy is to then degrade the mole-
cule with base-specific ribonucleases, to separate the re-
sulting small fragments, and to sequence these and determine
their yields. Through the use of partial ribonuclease deg-
radation of the molecule under limiting conditions, larger
oligonucleotides may be isolated and analyzed; by analyzing
progressively larger oligonucleotides, the small seguenced
fragments may be ordered into a unigue total sequence.

For determination of RNA base composition, one of the
mildest degradation procedures, which does not alter most
modified bases, is enzymatic digestion with the random endo-
ribonuclease T, In RNA sequencing work, two base-specific
ribonucleases have been used most extensively; these are T,
RNase, which is specific for cleavage after guanine residues,
and pancreatic RNase, which is specific for cleavage after
pyrimidine residues. The same two nucleases are often also

used for partial degradation.
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If the RNA molecule to be sequenced is not radioactive,
then both base composition analysis and sequence analysis
must rely on spectrophotometric detection of nucleotidic
material by UV absorption. To complete analysis of a tRNA
sequence, for example, may therefore require over 50 mg of
the purified tRNA. Also, because the large-scale fractiona-
tion of enzymatic degradation products generally uses several
cycles of column chromatography, laborious chromatographic
procedures may become the rate-limiting factors in a se-
quencing project. However, by choosing to analyze small
quantitites of in vivo uniformly [32p]-labeled RNA, it is
possible to use more rapid fractionation procedures, such as
high resolution two-dimensional paper or gel electrophoresis
and two-dimensional paper or thin layer chromatography. Sever-
al such fractionation methods were pioneered by Sanger and col-
laborators, who also developed considerably simplified se-
quencing procedures (129).

Radiocative methodology was the major breakthrough that
allowed rapid progress in the fied of RNA sequencing. How-
ever, many RNA species of interest, such as tRNAs from the
cytoplasm or organelles of most eukaryotes or eukaryotic mes-
senger RNA, and plant viral RNAs are difficult to label in vivo
with [32P] to sufficiently high specific activity for conven-
ient analysis by these classical radiochemical sequencing tech-
nigques. To facilitate nucleotide sequence analysis of such
material, our laboratory has, over the last several years,

elaborated techniques for the analysis of non-radioactive
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RNA phosphorylated in vitro with [32P] by polynucleotide
kinase. Using in vitro labeling of oligonucleotides with
[32P] to high specific activity, it proved possible to sub-
sequently apply many of the same high resolution fraction-
ation and sequencing techniques originally developed for
uniformly [32P}dabeled RNA (19,101). In the current work,
modifications have been introduced into our established
procedures and new methods have been developed so that this
overall sequencing strategy is now more sensitive and con-

siderably more efficient.

A. The Use of Polynucleotide Kinase in Modified Nuc-

leotide Composition Analysis

The name polynucleotide kinase is a misnomer, as the
enzyme, isolated from E. coli cells infected by bacterio-
phages T2 or T4, can catalyze the transfer of the y-phos-
phate group of ATP to the 5'-hydroxyl group of mononucleo-
tides as well as oligo- or polynucleotides (130,131). It
has also been shown that the enzyme is capable of phosphorylat-
ing amino-protected deoxyoligonucleotides (132), and various
modified nucleosides occurring at the 5'-ends of oligonucleo-
tide fragments derived from tRNA. We have attempted to use
T4 polynucleotide kinase, in the presence of Y[32P]ATP, to
phosphorylate the mixture of mononucleotides resulting from
complete hydrolysis of a tRNA molecule. By subjecting the
resulting 5‘—[32P]-labeled nucleoside diphosphates to two-

dimensional TLC, we have been able to identify, in addition
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to the four major nucleotides, the modified nucleotides
present in a tRNA.

For our initial work, we chose to analyze the protein
synthesis initiator tRNA of E. coli, tRNAY®Y! the unmodified
tetranucleotide A-U-C-Gp served as control. Each RNA was
first digested to mononucleotides with T, RNase. The reaction
was performed in ammonium acetate buffer, which is volatile
and could be removed by lyophilization afterwards. The mix-
tures of nucleoside 3'-monophosphates were then subjected to
5'-phosphorylation by polynucleotide kinase in the presence of

32

Y[32P]ATP. Excess Y[ “P]ATP was destroyed by enzymatic trans-

fer of the y-phosphate group to glucose to make glucose-6-

3251 1abeled nucleoside 3',

phosphate (see Metheods), and the [
5'-diphosphate mixtures were analyzed by two-dimensional elec-
trophoretic or chromatographic fractionation. Of the many
two-dimensional fractionation systems that there tested, in-
cluding electrophoresis on cellulose acetate followed by DEAE-
paper, ion exchange thin layer chromatography on PEI-cellulose
plates, and partition chromatography on cellulose thin layer
plates, only partition chromatography was found to give both
adequate sensitivity and adequate resolution for modified base
composition analysis. 1In particular, it was found that com-

[32P] could

plete separation of nucleotidic and non-nucleotidic
be achieved in solvent (c). Solvent (c) was therefore included
in all two-dimensional systems tried; moreover, because sol-

vent (c) is a high-salt, non-volatile solvent, it was always

used for the second dimension. Any of several volatile sol-
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vents, especially solvent (a) or solvent (d), were used for
the first dimension.
The patterns obtained upon two-dimensional TLC analysis

(in solvent (a) and solvent (¢)) of [32P]—labeled T. RNase

digests of A-U-C-Gp and tRNA?et

be seen (Fig. 2A) that A-U-C-Gp yielded the four major nuc-

2

are shown in Fig. 2. It can

leoside diphosphates, as expected. Moreover, as is apparent
from Fig. 2C, the various modified nucleotides in tRNA¥Et
were, in fact, phosphorylated by polynucleotide kinase. The
specific identifications of the autoradiographic spots, indi-
cated in the schematic drawings, were as follows. The four
parent nucleotides were identified by comigration with the
corresponding UV marker compounds. pY¥Yp was identified by
comigration with a radiocactive marker compound obtained by
in vitro phospohrylation of ¥Yp with polynucleotide kinase.
PTER, pm7Gp, and pCm-Up were identified by comigration with
the corresponding radioactive marker compounds; these were
obtained by T2 RNase digestion (see Methods) of appropriate

5'—[32P]-labeled oligonucleotides from a Tl RNase finger-

print of E. coli tRNA?et (kindly supplied by Dr. B.
Baumstark), i.e., from the oligonucleotides pT-y-C-A-A-A-U-
C-C-G, pm’G-U-C-G and pCm-U-C-A-U-A-A-C-C-C-G. All the
modified nucleosides known to be present in this tRNA (133)
are thus accounted for, except for s4U, which does not

appear in Fig. 2C. Its absence is probably due to loss of

this labile modification (presumably by conversion to U (134))
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Figure 2. Modified nucleoside composition analysis. Auto-
radiograms of two-dimensional TLC patterns of [32P]*labeled
nucleoside-3"',5'-diphosphates (details in text); A) pattern
obtained from the unmodified tetranucleotide A-U-C-Gp; B) rep-
lica of A), indicating identification of spots; C) pattern
obtained from E. coli tRNA%et; D) replica of C), indicating
identification of spots. G-6-p is glucose-6-phosphate; P; is
inorganic orthophosphate. Radiocactive material on the far
left of plates A) and C), which does not move in the second
dimension, is a mixture of radioautolysis products of Y[32P]~
ATP and of [32P]-labeled nucleoside diphosphates; the amount
of such material increases with time of storage of Y[32P]ATP

32

and/or of the ["“P]l-labeled nucleoside diphosphate mixtures

(data not shown).
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during purification and storage of the tRNA (in aqueous

4U could be found upon modified nuc-

solution at -20°C); no s

leoside composition analysis of this tRNA sample at a UV-

detection scale according to Nishimura (135) (data not shown).
It may be seen, by careful inspection of Fig. 2, that

both the A-U-C-Gp and tRNAYCC

plate display very faint addi-
tional radioactive spots not indicated in the schematic
diagrams. These were identified by comigration with UV
marker compounds as the four corresponding nucleoside 5'-
monophosphates. It was found, in addition, that the inten-
sity of these spots increased with time of incubation at
37°C of the T4 polynucleotide kinase reaction (data not
shown); the increase in radiocactivity in these spots was
proportional to the loss of radioactivity from the pNp spots.
We therefore assume the appearance of pN compounds to be due
to the action of a 3'-phosphomonoesterase activity contami-
nating our preparations of polynucleotide kinase (100,136).
Attempts to inhibit this activity by addition of various
amounts of inorganic phosphate, spermine, spermidine or pAp
into the kinase reaction mixture were not successful.

As the usefulness of our two-dimensional TLC analysis
was hampered by the presence of these faint spots, an addi-
tional enzymatic step was added to our previous in vitro

[32P]—labeling procedure (see above) to guantitatively con-

vert all 5'—[32P] nucleoside 3',5'-diphosphates to the cor-
responding 5'-monophosphates. This involved treatment with

nuclease P; (see Methods), which is known to have a 3'-
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phosphomonoesterase activity (105). Enzyme was added in
considerable excess (see Methods) to also insure gquantita-
tive cleavage, by the nuclease activity in Pl, of pCm-U to

pCm. Results of such an experiment on tRNA?et

, subjected to
analysis by two different two-dimensional TLC systems, are
shown in Fig. 3. It is clear from Fig. 3 that all back-
ground spots have now been eliminated. Moreover, the reso-
lution between adjacent spots is considerably improved. The
identification of pCm was based on comigration with the cor-
responding UV marker. It can be seen that all spots in Fig.
3A except for pCm have relative mobilities very similar to
those of Fig. 2C. The shift in mobility of pCm is due to
its conversion from the Tz—resistant dinucleotide, pCm-Up

to a mononucleotide by nuclease Pl' Parallel analysis of
modified nucleoside composition by both the pNp (Fig. 2)

and the pN (Fig. 3) methods can thus be used for positive
identification of O-methylated nucleotides. Furthermore,

as illustrated in Fig. 3C, other solvents, in this case sol-
vent (d), can be substituted for solvent (a) in the first
dimension of the two-dimensional TLC analysis. (Solvent (c)
is always used in the second dimension, as discussed above,
because glucose-6-phosphate and inorganic phosphate move
with the solvent front.) The use of several solvent systems
allows positive identification of modified nucleotides based
on their mobility. The use of the pN method also allows the
more general use of UV marker compounds, as these are more

readily available in the pN than in the pNp form.



75

Figure 3. Modified nucleoside composition analysis of E. coli
tRNA?et, including a final treatment, prior to chromatography,
with nuclease P; (see text). Autoradiograms of two-dimension-
al TLC patterns of [32P]-labeled nucleoside-5"'-phosphates,

run in different solvent systems. A) solventl (a), followed
by solvent2 (c); B) replica of A), indicating identification

of spots; C) solventl (d), followed by solvent2 (c); D) repli-
ca of C), indicating identification of spots. G-6-p is glu-

cose-6-phosphate; P; is inorganic orthophosphate. Radiocactive

i
material on the far left of plates A) and C), which does not
move in the second dimension, is a mixture of radiocautolysis
products of Y[32P]ATP and of [BZP]—labeled mononucleotides

(see Legend, Fig. 2).
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To examine whether these methods could be extended to
quantitative analysis in addition to detection, the radio-
active spots in Fig. 3A were removed from the plate with
nitrocellulose solution (as described in Methods) and guan-
titated by liquid scintillation counting.

In Table II, these results are compared with the ex-
pected molar yield of each nucleotide based on the primary
sequence of this tRNA (133), and assuming guantitative con-

Y to U. It can be seen that phosphorylation

version of s
of modified nucleotides by polynucleotide kinase is less than
quantitative. Two methods were tried to improve the yield of
phosphorylation of modified nucleotides in tRNA?et. The
first was prolonged incubation (2 hr) at 37°C with our usual
kinase reaction conditions. This gave improved 5'-phos-
phorylation of ¥p, Dp and Cm-U but resulted in partial con-
version of m7G to the open-ring form (137) (data not shown).
Moreover, the problem of 3'-dephosphorylation, as discussed
above, was considerably aggravated, éo that these conditions
could not be used for a two-step analysis for O-methylated
nucleotides (see above); this problem also arose if higher
enzyme levels were used instead of longer incubation times.
The second method tried to improve enzymatic phosphorylation
of modified nucleotides was to alter the reaction conditions
of the kinase reaction. An optimum reaction mixture was de-

termined empirically that substituted DTT for f-mercapto-

ethanol and contained, in addition, BSA and glycerol (see
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Table II. Nucleoside-5'-Phosphate Molar Yields Recovered After Use
of Polynucleotide Kinase in Nucleotide Composition Analysis
t

of E. coli tRNASC (Fig. 3A); A) Standard Reaction Mixture

(Methods), B) Modified Reaction Mixture (Methods).

Nucleotide Molar Yield* A Molar Yield* B Expected (ref. 133)

A 18 14 14
U 8 10 gt
C 24 26 25
G 23 24 24
T ] 1 1
y .30 .60 i
D .16 .35 1

m’G .39 .46 1

Cm .36 .52 1

*Determination by removal of spots from TLC plates (Methods)
and liquid scintillation counting; in each case (A & B),
results from two TLC plates are averaged. Calculation of
molar yield based on:

(cpm in spot/total cpm in 9 spots) x 77

4

+Assuming that: a) s®U is quantitatively converted to U (see

text), and b) U in the sequence Cm-U is not counted.
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Methods). Results of the application of these reaction

conditions to the analysis of tRNA?Et

are shown in the second
column of Table II. It is apparent from the data in Table II
that the molar yields of [32P]*labeled modified nucleotides
are significantly improved. It should be mentioned in pass-
ing that spermine (2 mM), which is known to stimulate poly-
nucleotide kinase (138), also stimulated this reaction some-
what (data not shown), and its use is still under investi-
gation; preliminary results forecast greater than 50% phos-
phorylation for all the modified nucleotides in Table II.

In the course of work with other tRNAs, especially

t

Neurospora crassa initiator tRNAI;_Ie , and through the use of

commercially available modified nucleoside 5'-phosphate com-
pounds as UV markers, the positions of several additional
nucleotides, not shown in Fig. 3, have been located. These
are indicated in a schematic diagram (Fig. 4). It is clear
that the usefulness of this analytical system can be expand-
ed in the future by the identification of other modified
nucleotide mobilities.

It was of interest to examine whether the system we had
devised for RNA modified nucleoside composition analysis
could also be adapted to the analysis of DNA. Such a system
might be of use, for example, in the analysis of chemically
synthesized oligodeoxynucleotides for purity and for extent
of removal of purine and pyrimidine protecting groups (139),
or for modified base composition analysis of naturally occur-

ring DNA. The scheme that was adopted simply substituted
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Figure 4. Schematic diagram of positions of modified nucleo-
side-5"'-phosphates in the two-dimensional solvent system:
solvent1 (a), followed by solvent2 (c). G-6-p is glucose-6-

phosphate; Pi is inorganic orthophosphate.
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spleen phosphodiesterase for T2 RNase in the initial diges-
tion of the polymer to mononucleotides, as described in
Methods. An analysis of dG-C-A-T-C-A-T-A-T-C-A-A-A (kindly
provided by Dr. B. Ramamoorthy) is shown in Fig. 5; the mono-
nucleotides were identified by comigration with correspond-
ing UV marker compounds. The mobilities of nucleotides con-
taining amino-blocking groups typically used in organic chemi-
cal synthesis of DNA (139) are also indicated in Fig. 5.
While these results indicate that these procedures can be
applied to gqgualitative analysis of DNA nucleotide composition,
guantitative analysis of the radioactive material in the TLC
spots showed greater deviations from expected results than
was found for RNA (data not shown); the cause of this pheno-
menon is not known. DNA analysis at the pNp level, i.e. with-
out the nuclease P1 step, was not possible because of con-
siderable partial conversion to pN during the kinase reaction
(data not shown); this may be due to the preference of the

implied 3'-nucleotidase for deoxy over ribonucleotides (136).

B. The Use of Polynucleotide Kinase in Fingerprinting

Sequence analysis of RNA generally begins with Tl RNase
and pancreatic RNase digestions of the substrate, and fraction-
ation of the resulting oligonucleotides. For non-radioactive
RNA, an additional step of radioactive post-labeling of these
oligonucleotides is introduced. The procedures used in our

32

laboratory for the introduction of [““P] at the 5'-ends of

non-radioactive oligonucleotides (18,101) are modifications of
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Figure 5. Modified nucleoside composition analysis of the
oligodeoxynucleotide dG-C-A-T-C-A-T-A-T-C-A-A-A; TLC in sol-
vent) (a) followed by solvent, (c). A) Autoradiogram;

B) replica of A), indicating identification of spots. The
UV marker compounds pdABz, pdCAn and pdGiB are also indi-
cated. G-6-p is glucose-6-phosphate; Pi is inorganic ortho-
phosphate. Shading indicates fluorescence under exposure

to 254 nm UV light.
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methods originally described by Szekely and Sanger (100).

The sequence of operations is: 1) Tl or pancreatic RNase
digestion, 2) concurrent removal of 3'-phosphomonoester
groups, in the oligonucleotides produced, with alkaline phos-
phatase, 3) inactivation of phosphatase by heating in the
presence of a chelator, NTA, 4) introduction of a 5'-phosphate
group by treatment with T4 polynucleotide kinase in the pres-
ence of y[BZPIATP and 5) quantitative elimination of excess
Y[32P]ATP by phosphorylation of glucose to [32P]~g1ucose—6-
phosphate with yeast hexokinase (a procedure first described,
in this context, by Wu (140)). Experimental details are
given in Methods.

The material that results from the sequential operations
described is a mixture of oligonucleotides bearing 3'-hydroxyl
groups and an external [32P]—5'—phosphomonoester group. Mono-
nucleotides present in the original nuclease digestion are
mostly converted to nucleosides by alkaline phosphatase, and
therefore cannot act as substrates for enzymatic phosphoryl-
ation by polynucleotide kinase. However, the kinetics of the
RNase digestions is such that some mononucleoside-2',3'-cyclic
phosphate intermediates, which are resistant to alkaline phos-
phatase, remain at the end of the incubation. These are
subsequently phosphorylated by polynucleotide kinase, and

32P]~-labeled oligonuc-

are therefore also present among the [
leotides. The cyclic phosphate group eventually opens,

possibly due to the continued presence of RNase throughout
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all steps or to the work-up procedures, and the mononuc-
leotides are recovered as *pNp (*p = [32P]).

The mixture of 5'-labeled oligonucleotides resulting
from Tl RNase or pancreatic RNase digestions of an RNA
molecule may be fractionated by the two-dimensional electro-
phoresis techniques (see Methods) originally developed by
Sanger and collaborators for similar analyses of uniformly

[32

nucleotides in these systems are very reproducible and highly

P]-labeled RNA (129). Because the mobilities of oligo-

sensitive to minor variations in nucleotide composition or
sequence, the fractionation pattern resulting from base-
specific nuclease analysis of an RNA molecule has been termed

a "fingerprint". Comparison of T, RNase and/or pancreatic

1
RNase fingerprints of different RNA molecules is a very sen-
sitive technique for studying sequence relatedness. Applica-
tion of the polynucleotide kinase [32P}post—labe1ing proce-
dure allows even very limited guantities of non-radiocactive

RNA to be studied by fingerprinting; moreover, as the 5'-
[32P]-labeled oligonucleotides fractionated by fingerprinting
can be recovered and sequenced, this also provides a means to
the first step of sequence analysis of non-radioactive RNA.
Through the use of Y[32P]ATP of high specific activity (200-500
Ci/mmol), and by applying the efficient sequencing procedures
discussed below, the sequences of all the oligonucleotides

resulting from its T, RNase or pancreatic RNase digestion

1
can be derived from as little as 10-15 pmol of an RNA molecule
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(for a tRNA molecule, this corresponds to ca. 0.01 A260
units,or 0.5 ug).

Examples of the use of 5'-terminal labeling in finger-
printing are the Tl and pancreatic RNase fingerprints of
the TYMV RNA 3'-fragment, shown in Fig. 16 (below), and of

Euglena gracilis chloroplastic tRNAPhe, shown in Fig. 29,

and the pancreatic RNase fingerprints of E. coli 5S RNA,

shown in Fig. 33, below.

C. Sequence Analysis of 5'—[32P]—labeled Oligonucleo-

For each oligonucleotide recovered from a fingerprint,
the identity of the 5'-end nucleotide, carrying the [32P]—
label, can be determined by complete enzymatic degradation
to mononucleotides, followed by thin layer chromatography
and autoradiography, as described in Methods. To confirm
each 5'-end group analysis, we generally perform independent

digestions with two enzymes, RNase T, and snake venom phos-

2
phodiesterase, and analyze each digest in two solvent systems,

(solvent (a) and solvent (c)). RNase T2 releases a [32P]-

labeled 5'-end mononucleoside 3',5'-diphosphate of the form
*pNp, while snake venom phosphodiesterase releases a [32P]—
labeled nucleoside 5'-monophosphate of the form *pNOH.
Location of radiocactive spots is by autoradiography, and

identification of mononucleotides is by comigration with

corresponding UV marker compounds. An example of a typical
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5'-end group analysis of fingerprint oligonucleotides is
illustrated in Fig. 6. Wherever possible, 5'-end group
modified nucleotides, too, are identified with UV marker
compounds; however, dihydrouridine, which has no UV absor-
bance, and several other common and less common modified
nucleotides, for which no markers are on hand, must be iden-

tified by R. alone. The use of chromatography in several

£
solvent systems, and also additional analysis by ionopho-
resis on paper or DEAE-paper at pH 3.5, are occasionally
useful in confirming such identifications.

The sequence of the nucleotide residues succeeding
(5'"—>3"'") the 5'-end residue of an oligonucleotide is deter-
mined by partial digestion of the oligonucleotide with
snake venom phosphodiesterase (SVP). This enzyme is an exo-
nuclease which recognizes the 3'-hydroxyl end of an oligo-
nucleotide and successively removes nucleoside-5'-phosphate
residues from the 3'-end (141). When digestion conditions
are mild and well-controlled, accumulation of partial degra-
dation products is gradual. By stopping aliquots of the re-
action at appropriate timed intervals, a range of 5'—[32P]—
labeled oligonucleotides is obtained, covering every interme-
diate from the 5'-end group to the starting material. Partial
digestion of fingerprint oligonucleotides with SVP is per-
formed as described in Methods, and the accumulation of

32

5'-[""P]-labeled partial degradation products is assayed by

one-dimensional homochromatography. An example of such a
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Figure 6. Example of 5'-end group analysis following diges-

tion of 5'—{32

P]-labeled oligonucleotides with T, RNase. Auto-
radiograms of one-dimensional TLC analyses in A) solvent (a),
and B) solvent (c); the circles indicate positions of UV marker
compounds (identified alongside the pattern) run together with
the radioactive samples. The numbered TLC tracks correspond
to the numbered spots in the pancreatic RNase fingerprints of

55 RNA in Fig. 33 A-D, and to the numbered oligonucleotides in

Table VIII.
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partial digest is illustrated in Fig. 7; the oligonucleotide
here analyzed corresponds to the A-U-C-A-G marker compound of
Fig. 9A,B, below. The standard digestion conditions we have
used, which include a wide range of time points, have gener-
ally been found sufficient for almost all oligonucleotides
from two to 13 nucleotides in length; exceptional cases,
involving 3'-end or internal modified bases, are discussed
below.

Sequence information about an oligonucleotide may be
derived from analysis of the mobilities of its homologous
series of terminally labeled partial degradation products
in any of several electrophoretic and chromatographic sys-
tems. We have used two systems in particular, ionophoresis
on DEAE-paper at pH 3.5 and/or 1.9, and two-dimensional
homochromatography.

Ionophoretic analysis, on DEAE-paper, of an SVP-generated
series of oligonucleotide partial degradation products is
based on use of the pH 3.5 and pH 1.9 buffer systems de-
scribed by Sanger and collaborators (99,129). At either pH,
the ionophoretic mobility of the shorter oligonucleotides of
a homologous series is greater than that of the larger.
Mobility shifts between immediate homologues are character-
istic of the specific nucleotide by which they differ. These
mobility shifts can be guantitated as "M-values", wherein the
distance from the origin of two successive homologues, X and

. i . Y-
Y, is used to calculate the characteristic value M = —§§
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Figure 7. Analysis of the progress of the partial digestion,
with svp, of 5‘—[32P]—labeled *pA-U-C~A-G. Autoradiogram of
one-dimensional homochromatography analysis, indicating iden-
tification of compounds; time in min. B (surrounded by dotted
circle) is xylene cyanole dye. Note the smaller pyrimidine
mobility shift, pA-U-C —» pA-U, as compared with the dis-
tance of the purine mobility shifts pA-U-C-A — pA-U-C, and

pA-U-C-A-G — pA-U-C-A.
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(99,129). Table III reproduces the empirical M-value ranges
for the four major nucleotides which were published by Sanger
and collaborators; deviations from these M-value ranges were
observed, occasionally, in our own work with 5'-terminally
labeled oligonucleotides, and are indicated in parentheses.

Only a limited size range of oligonucleotides will give
M-values within the ranges indicated in Table III. Shorter
oligonucleotides, which have mobilities beyond that of xylene
cyanole, the tracking dye, do not give proper M-values, for
example, although their mobilities are still very character-
istic and reproducible. Such short oligonucleotides are
generally identified by comparison of their mobilities with
those of oligonucleotide standards of known seguence (often
run alongside the unknown); 5'-end group mononucleotides are
identified with the corresponding UV marker compounds.
Oligonucleotides longer than 5-7 nucleotides are usually so
crowded near the origin that M-values cannot be accurately
determined. Positive sequence analysis by this method is
therefore limited to the size range 1-6 nucleotides.

Analysis of the sequence of oligonucleotides recovered
from fingerprints is simplified by the fact that they result
from base-specific cleavages; Tl RNase fingerprint oligonuc-
leotides have only one G residue, which is at the 3'=terminus,
and pancreatic RNase fingerprint oligonucleotides have only
one pyrimidine residue, which is at the 3'-terminus. Never-

theless, to eliminate occasional ambiguities inherent in the
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Table III. Ranges of M Values on DEAE-Paper Ionophoresis at

pH 3.5 or 1.9 (99,129).

3'-Terminal Nucleotide Removed Value of M
pH 3.5 pH 1.9
prC 0.6-1.2 B.05-0.3
pA 2.1-2,9 (4.1)* 0.4-1.1
pU 1:7-1:% {2.5)% 1:.5-2:5
pG 2.6-4.4 1.2-3.1

*Numbers in parentheses indicate deviations from the M-value
ranges published by Sanger and collaborators (99,129) which
were observed, occasionally, in our own work with 5'-

terminally labeled oligonucleotides.
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overlap or near-overlap of the M-values of A, U and G at
pH 3.5 and of U and G at pH 1.9 (Table III), most seguence
identifications are confirmed at both pH 3.5 and pH 1.9. 1In
addition, oligonucleotide standards of known sequence are
run alongside the unknown whenever possible; this last re-
finement is also essential in identifying mobility shifts due
to modified nucleotides.

These points are illustrated in the sequence analysis
of several Tl fingerprint oligonucleotides in Figs. 8 and 9.
Fig. 8 shows the analysis of 5'-terminally labeled pU-U-C-U-
C-G alongside the known oligonucleotide pU-C-A-U-C-G (cor-

responding to spots 15 and 12 in the T, RNase fingerprint of

1
Fig. 16A, below) at pH 3.5 (Fig. 8A) and pH 1.9 (Fig. 8B).

It can be seen that the 3'-proximal C mobility shift (pU-U-
C-U-C —>» pU-U-C-U) at pH 1.9 (Fig. 8B, left) is so small
that this spot does not resolve from the next shorter oligo-
nucleotide in the series. Positive sequence identification,
in this case, required analysis at pH 3.5 (Fig. 8A). Con-
versely, in the example illustrated in Fig. 9, the data at
pH 3.5 (Fig. 9A) were ambiguous, and required clarification
by analysis at pH 1.9 (Fig. 9B). The oligonucleotide in
question here is pA-U-C-U-U-U-A-A-A-A-U-C-G, which corre-

sponds to spot 16 in the T, RNase fingerprint of Fig. 164,

1
below; it is run alongside a standard of known sequence, pA-U-
C-A-G (cf. Fig. 7). It can be seen (Fig. 9) that the mobility
shifts between A-U-C and A-U-C-A or A-U-C-U are essentially

identical at pH 3.5 (Fig. 9A), yet are clearly distinguished
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Figure 8. Autoradiograms of sequence analysis by one-dimen-
sional DEAE-paper ionophoresis at A) pH 3.5 and B) pH 1.9 of
the 5'-terminally labeled oligonucleotide 1) *pU-U-C-U-C-G
run alongside the known oligonucleotide ii) *pU-C-A-U-C-G
(see text for details). The tracks labeled o are examples of
each oligonucleotide before addition of enzyme, and the
successively numbered tracks are pooled time point aliquots
of a partial SVP digestion of each oligonucleotide (c.f. Fig.

7) selected so as best to represent the progress of the reac-

tion.
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Figure 9. Autoradiograms of sequence analysis by one-dimen-
sional DEAE-paper ionophoresis at A) pH 3.5 and B) pH 1.9 of
the 5'-terminally labeled oligonucleotide i) *pA-U-C-U-U-U-
A-A-A-A-U-C-G run alongside the known oligonucleotides

ii) *pA-U-A-A-U-C-G and iii) *pA-U-C-A-G (see text for de-
tails). The numbered tracks represent the progress of a par-
tial digestion of each oligonucleotide with SVP (cf. legend
to Fig. 8). Note that the M-values of interest (see text)

are indicated.
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pH 1.9 (Fig. 9B). Fig. 9 also illustrates that, even for
oligonucleotides too long to sequence completely by ionopho-
resis, very useful data about 5'-proximal sequences can
nonetheless be obtained. In most of the sequence work de-
scribed below, ionophoresis of partial SVP-digests of long
oligonucleotides was routinely used, in this manner, to
analyze 5'-proximal sequences.

The second method we have used for sequence analysis of
homologous series of partial oligonucleotide degradation
products is two-dimensional homochromatography. This involves
ionophoresis on cellulose acetate at pH 3.5 in the first
dimension, and DEAE-cellulose TLC in homomix in the second
dimension (details in Methods). The use of this two-dimen-
sional fractionation system as a sequencing method is based
on the DNA sequencing work of Ling (142), Ziff et al. (143)
and Sanger et al. (103) and on the RNA sequencing work of
Rensing and Schoenmakers (144). It is a method particularly
useful for sequencing longer oligonucleotides (see below).

In the first dimension, ionophoresis on cellulose
acetate at pH 3.5, relative mobilities of oligonucleotides
within a homologous partial degradation series are character-
istic of the nucleotide by which they differ. The removal of
pU, pG, pA or pC from an oligonucleotide results in a charac-—
teristic increased or decreased ionophoretic mobility
(Fig. 10A), the effect of each nucleotide being a function

of its pKa (145,146). The pKa values of the four major
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Figure 10. A) Direction of angular mobility shift in two-
dimensional homochromatography upon removal of one nucleotide
from an oligonucleotide. B) Mobilities of the four nucleoside-
5'-phosphates in ionophoresis on cellulose acetate at pH 3.5;
detection was by UV absorbance. Ionophoresis was for 30 min

at 5 KV and ca. 30°C. B (circled) is xylene cyanole dye.

Distances of migration are in cm., beginning at O (origin).
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nucleotides, and the calculated average charge of each nuc-
leotide at pH 3.5 (147) are indicated in Table IV. Also
listed in Table IV (last column) are the experimentally observed
relative mobilities of the four major nucleotides on cellulose
acetate at pH 3.5 and ca. 30°C (Fig. 10B); it may be inferred
from a comparison of calculated nucleotide charge and experi-
mentally observed mobility that the ionophoretic mobilities

of mononucleotides on cellulose acetate at pH 3.5 are based
mostly on their charge. For larger molecules, such as oligo-
nucleotides, there is also a "drag" effect related to size and
shape of the molecule, and to solvent counterion effects (145,
146). The observed effects of the four major nucleotides on
oligonucleotide electrophoreticl mobility may be explained as
the combined contributions of charge and mass (i.e., "drag").
For example, at pH 3.5, pC is only very slightly negatively
charged (Table IV). In an electric field, therefore, this
residue will, in most cases be causing drag on the oligonuc-
leotide by adding mass without enough charge to compensate;
however, for very slightly charged compounds, the increase in
charge may still dominate. As a practical example, pU-C will
run considerably more slaowly than pU, whereas pC-C will run
slightly faster than pC (in this latter case, note that the
increase in charge is two-fold). The nucleotides pU and pG
have a full negative charge at pH 3.5, and their addition to
an oligonucleotide substantially increases electrophoretic

mobility (or viee versa for their removal (Fig. 10A)). The

lThe term electrophoretic is preferred over ionophoretic for
large molecules.
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Table IV. Calculated and Experimentally Determined Relative

Mobilities (Relative Charges) of 5'-Nucleotides at pH 3.5.

Nucleotide EEEi q (calc.)b q (obs.)c
pU e =1
PG 2.4 -0.92 -0.80
PA 3.74 -0.34 -0.30
pC 4.5 -0.10 =0all

ARef. 147.

bq (calc.) = the charge on the compound at pH 3.5 calculated
from the relation (and assuming the contribution of the 5'-

phosphate group to be -1):

[base]

pH = pKa + log Tg'c—']v_'a*j"

cq (obs.) = the charge on each compound obtained from the
data of Fig. 10B by assigning the mobility of pU a value of
-1 and assuming that the relative mobility of each compound
is proportional to its relative charge. The data of Fig.

10B were obtained at pH 3.5, ca. 30°C (see Legend, Fig. 10B).
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effect of pA is between the two extremes; its partial net
negative charge essentially compensates for the mass it adds
to an oligonucleotide chain, resulting in little change in
electrophoretic mobility (Fig. 10A).

The second dimension of this two-dimensional fraction-
ation system, DEAE-cellulose thin layer chromatography in
"homomix" (see Methods), resolves an oligonucleotide mixture
on the basis of size, shorter oligonucleotides moving faster
than longer oligonucleotides. 1In addition, as can be seen
in Fig. 17 (and see legend there), a difference of one pur-
ine residue between two immediate homologues in a series of
partial degradation products causes a larger mobility shift
than a difference of one pyrimidine residue. The overall
result in two dimensions is that the stepwise removal of
nucleotides in a homologous partial degradation series can
be "read" as anglular mobility shifts between successively
shorter fragments. The identity of a similar first-dimen-
sional Uor G mobility shift, for example, is confirmed by the
pyrimidine or purine character of the second-dimensional com-
ponent of the mobility shift (and likewise for C and A
shifts).

By very careful standardization of experimental conditions
Wu'and colleagues have succeeded in controlling the electro-
phoretic mobilities of oligonucleotides on cellulose acetate
to the point of mathematical predictability (145,146); in their

system, calculated oligonucleotide mobilities, based on multi-
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plication of the total theoretical charge on an oligonucleotide
by an empirically derived size factor, are used to confirm
mobility shift identifications. Because our high voltage
electrophoresis equipment (see Materials) is not amenable to
the requisite rigorous temperature standardization, we have
not attempted mathematical sequence analysis. However, by
accumulating considerable reference data on the behavior of
homologous partial degradation series of oligonucleotides of
known sequence, including oligonucleotides that contain modi-
fied bases, we have been able to use two-dimensional homo-
chromatography as an entirely self-sufficient and unambiguous
method of sequence analysis. It may be noted in passing

that many of the sequence data on oligonucleotides derived
from the TYMV RNA 3'-fragment, discussed below, were obtained
before this two-dimensional homochromatography reference data
was available; the 5'-proximal portions, at least, of all
these sequences were therefore confirmed by ionophoretic
analysis, as described above. Today, on the other hand,
these TYMV sequences have themselves become a major addition

to our library of homochromatography reference data.

D. Partial Digestion of 5'—[32P}-labeled Oligonucleotides

with Nuclease Pl

Most oligonucleotide sequences can be determined by par-

tial enzymatic degradation with SVP. A special problem arises,
however, with oligonucleotide sequences that contain 3' or

internal modified nucleoside residues that block the stepwise
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3'—) 5' exonucleolytic progress of SVP. In such cases, the
terminally—[32P]—labeled partial degradation products re-
sulting from cleavage at phosphodiester bonds on the 5' side
of the modified nucleoside can be obtained in better yield
by partial endonucleolytic digestion with nuclease Pl‘
Since both SVP and nuclease Pl cleave phosphodiester bonds
to leave 3'-hydroxyl and 5'-phosphate ends, aliquots
of partial digests produced by each of these enzymes (see
Mehtods) can subsequently be combined to give an optimal
representation of all the terminally-[32P]-labeled partial
degradation products of an oligonucleotide. The combined
partial digests are analyzed by two-dimensional homochroma-
tography.

The use of this method is illustrated in Fig. 11, which
represents the nucleotide sequence anlaysis of the T, oligo-
nucleotide resulting from the anticodon region of Neurospora

crassa tRNA,ST (20), pC~-U-C-A-U-t®A-A-C-C-C-G. The sVP

6

digest (Fig. 11A) is blocked at the t A residue. The nucle-

ase P1 digest, on the other hand, being an essentially random
endonucleolytic digest, accumulates all intermediates except

6A—A phosphodiester

the one resulting from cleavage at the t
bond (Fig. 11B). The two digests are therefore complementary,
and when pooled and analyzed together yield the complete

sequence of the oligonucleotide (Fig. 11C). The nature of the

tfa mobility shift, and the identification of one artifactual

spot (Fig. 11) was based on previous work of A.Gillum (20).
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Figure 11. Analyses by two-dimensional homochromatography

of partial digests of an oligonucleotide generated by Tl

RNase from the anticodon region of Neurospora crassa tRNA?et:

*pC—U—C—A—U—tGA-A—C-C—C—G (20). Autoradiograms of patterns
obtained from A) a partial digestion with SVP, B) a partial
digestion with nuclease Pj, and C) combined aliquots of the
digests indicated in A) and B). D) is a replica of C), indi-
cating identification of mobility shifts. Note the spot near
the ta shift, which is artifactual, and is generated by an
endonuclease contaminating SVP, which leaves 3'-phosphate end
groups; although the sequence of this material has not been
determined, its artifactual nature has been confirmed by com-
parison with similar spots appearing in the homochromatographic
sequence analysis of the known anticodon oligonucleotides of
several eukaryotic initiator tRNAs (20). In all these cases,
this material also appears almost immediately upon addition
of SVP, before the exonucleolytic digestion has progressed to

shorter fragments (20).
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E. Analysis of Longer Nucleotide Sequences by Partial

Digestion of [32P]*End Group Labeled Material with

Nuclease Pl

To complete an RNA sequence, it is necessary to order

the shorter fragments obtained by Tl RNase or pancreatic
RNase digestion into a unique total sequence. We have found
the use of partial digestion with nuclease Py of high molecu-
lar weight end-group labeled RNA to be a very useful approach
to this end. As will be illustrated below for TYMV RNA, the
3'- and 5'-termini of molecules as large as viral genomes

can be sequenced directly by two-dimensional homochromatog-
raphy if they can be cleanly end-group labeled; sequences of
over 20 nucleotides can often be determined from a single
two-dimensional analysis. In contrast to most analogous
methods previously described for DNA sequencing (148,149),
prior purification of terminal polynucleotide fragments is
not necessary, making this system both faster and more effi-
cient of sample.

For tRNA, application of this methodology involves prep-
aration of 5'—[32P]—labeled tRNA with polynucleotide kinase
and 3'—[32P]—labeled tRNA with tRNA nucleotidyl transferase
(see Methods). The 5'- and 3'-labeled tRNAs are purified by
gel electrophoresis under denaturing conditions (7 M urea).
They are then partially degraded under mild conditions with
nuclease P; (Fig. 123) and analyzed directly by two-dimensional
homochromatography. Terminal sequences of at least 15 nuc-

leotides can usually be determined in a single experiment.
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Large fragments from internal positions in an RNA
molecule may be obtained by partial degradation of the mol-

1

ecule with T, RNase or pancreatic RNase . These fragments,

1
too, can be 5'-terminally labeled with [32P], and can then
be fractionated by two-dimensional gel electrophoresis (116;
Methods). They can then be analyzed both by fingerprinting,
to determine their content of previously sequenced shorter
fragments, and by direct 5'-terminal sequence analysis with
nuclease Pl. As is discussed below (Results IIIA), this
approach has provided sufficient data in the case of Euglena

he to allow determination of the

gracilis chloroplastic tRNAP
complete nucleotide sequence. It is anticipated that this
approach will be generally sufficient to determine RNA se-
guences of molecules of tRNA size. An overall scheme for
the sequencing of tRNA molecules, in particular, by [32P]—
end group labeling techniques is summarized in Fig. 12B.
Despite its many important applications, several
limitations on the use of nuclease Pl and two-dimensional
homochromatography in sequence analysis should be noted.
First, nuclease Pl is not entirely random in its selection
of cleavage sites (105). In addition to slow cleavage on

the 3'-side of certain modified nucleosides, including tGA,

¥, and O-methylated nucleosides (data not shown), the enzyme

lAnother method of tRNA cleavage into large fragments, in-

volving chemical cleavage adjacent to the m’G residue (16),
will not be discussed here.
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is somewhat slowed by stretches of pyrimidines, especially C
(cf. Fig. 11B). A two-dimensional homochromatographic TLC
pattern of a partial digest produced exclusively with nucle-
ase Pl may therefore contain sequence "gaps" (cf. Fig. 11B);
these must be filled either by knowledge of the sequences of
component shorter fragments previously analyzed by methods
discussed above, or, in the case of shorter oligonucleotides,
by analysis of SVP-generated partial digests (cf. Fig. 11).
With regard to the limitations of two-dimensional homochroma-
tography, it should be noted that the mobility shift analysis
degenerates in the case of long, uninterrupted (G,U)-stretches;
after 6 or 7 residues, such fast-moving compounds no longer
obey the characteristic first-dimensional mobility shifts
(data not shown), and sequence analysis is not possible.
Possibly because of their reliance on analysis of relatively
(A,C)-rich reference compounds, Wu and collaborators (146)
seem to have ignored this fact.

Finally, it was of interest to examine whether nuclease
Pl could also be used in DNA sequencing. Accordingly, a
restriction fragment (sequence unknown) from the DNA genome
of phage @#80pSUIII was 5'-terminally labeled with [32P] using
polynucleotide kinase (as described in Methods) and repuri-
fied by polyacrylamide gel electrophoresis in 7 M urea (as
described above for RNA). This DNA fragment, designated
D1AZ1 by A. Landy (in whose laboratory it was prepared;

Materials), contained a cut on one side by the restriction
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enzyme Hemophilus influenzae d II (Hind II) and a cut on the

other side by the restriction enzyme Hemophilus aegyptius III

(Hae III); its expected 5'-end sequences are therefore
purine-A-C (150) and C-C (151), respectively. Upon treatment
with nuclease Py and analysis by two-dimensional homochroma-
tography, using procedures identical to those used previously
with RNA, the 5'-terminally labeled DNA yielded the pattern
shown in Fig. 13. As can be seen from the figure, analysis
of the end sequences is consistent with the recognition sites
of the restriction nucleases used in the preparation of the
fragment. 5'-end group analysis (Methods) showed an almost
equal distribution of radiocactivity in pdC and pdG (data not
shown) , consistent with the equal presence of the two DNA
strands.

The DNA analyzed in Fig. 13 was in a denatured condition
(having been recovered from a denaturing polyacrylamide gel)
during partial digestion with nuclease Pl. It has since
been found that native double-stranded DNA, too, is suitable
for analysis by partial digestion with nuclease Pl; however,
the reaction works best if performed at 37°C rather than at
room temperature (data not shown). However, many restriction
enzymes leave free single-stranded 5'-end regions after
cleavage ("sticky ends"); these single-stranded regions are
digested more rapidly by nuclease Pl than double-stranded
regions. DNA fragments ending in single-stranded 5'-ends
are best denatured (e.g., by boiling) before sequence analy-

sis with nuclease Pl.
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Figure 13. Analysis by two-dimensional homochromatography of
a partial digestion, with nuclease Pis of the 5'-[32P]—labeled
restriction nuclease-generated DNA fragment D1AZ1l (for details
see text). Pattern shown is an autoradiogram; B (surrounded

by dotted circle) is xylene cyanole dye marker. Note the two
overlapping patterns that arise from the two 5'—{32P]—labeled

ends of this double-stranded DNA.
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To use nuclease Pl for DNA sequence analysis, it would
be necessary to prepare DNA labeled at only one 5'-end.
This could be accomplished by digesting a fragment already
labeled at both 5'-ends with another restriction enzyme that
cuts the fragment internally; the two "halves" of the frag-
ment could then be purified by gel electrophoresis and se-
quenced. Alternatively, the two 5'-terminally labeled
strands of a DNA duplex could be separated from each other
and analyzed individually. The use of nuclease Pl may thus

provide a useful method to supplement other DNA sequencing

techniques.
IT. Studies on the Seqguence of a 3'-Terminal Fragment of
TYMV RNA

For the purposes of this discussion, the 3'-terminal
4.55 RNA fragment prepared from TYMV RNA, as described under
Methods, above, will be referred to as the TYMV RNA 3'-
fragment. This work was conducted in collaboration with
A. Prochiantz and A.L. Haenni of the University of Paris,

France.

A. Estimation of the Size and Purity of the TYMV RNA

3'-Fragment

The TYMV RNA 3'-fragment (0.5 pg) was labeled at its
5'-end with [32P] using polynucleotide kinase (as described
in Methods), and the [32P]—labeled RNA was then electropho-

resed in a 12% or a 15% polyacrylamide slab gel in 7 M urea
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alongside [32P]-labeled marker RNAs of known size. The

Tyr
I

precursor (129 nucleotides long), and 3'—[32P]-labeled BE. goli

markers used were 1in vivo [32P]—labeled E. coli tRNA

55 RNA (120 nucleotides long), and 3'—[32P]—labeled brewer's
yeast tRNAPhe (76 nucleotides long). Based on its electro-
phoretic mobility relative to the marker RNAs, the TYMV RNA
3'-fragment was estimated to have a size of ca. 112%3 nucleo-
tides in a 15% gel (data not shown), and in a 12% gel (Fig.
14; track 3). The autoradiogram of Fig. 14 also indicates the
relatively high degree of purity of this fragment preparation
(approximately 80%), and it was the preparation used for most
of the experiments discussed below (possible sequence contami-
nants are discussed below).

Although the TYMV RNA 3'-fragment shown in Fig. 14 was
treated with phosphatase before 5'-labeling, it was found that
untreated fragment accepted a 5'-[32p] equally well (extent of
phosphorylation 75-100%); tRNA not previously treated with
phosphatase, however, accepted no [32P]. This indicates that
the fragment as purified here contains a free 5'-hydroxyl end.
When the predominant radiocactive band present in the 5'—[32P]—
labeled TYMV RNA 3'-fragment (Fig. 14, track 3) was extracted

and then digested with T, RNase to mononucleotides the 5'-

[32

pAp, 15% pCp and 2% pUp, thus indicating a slight heterogene-

2

P] was found by one-dimensional TLC (solvent (a)) to be 83%

ity at the 5'-end of this fragment. Both the presence of a
5'-hydroxyl end and the slight heterogeneity at the 5'-end

were observed in several different preparations of the TYMV
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Figure 14. Autoradiogram of polyacrylamide gel electropho-
resis of the 5'—[32P]-labeled TYMV RNA 3'-fragment along with
RNA markers of known length. Electrophoresis was in a 12%
polyacrylamide gel slab containing 7 M urea. 1) E. coli
tRl\U-‘s':]E;}';r precursor (129 nucleotides long); 2) E. coli 58

RNA (120 nucleotides long); 3) TYMV RNA fragment; 4) brew-

Phe

er's yeast tRNA (76 nucleotides long). XCB, xylene cya-

nole; B@B, bromephenol blue.
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RNA 3'-fragment. Since cleavage by "RNase P" yields an RNA
containing a 5'-phosphate group rather than a 5'-hydroxyl
(79) , and, particularly, in view of the slight heterogeneity
at the 5'-end of the TYMV RNA 3'-fragment, it is possible that
the enzyme involved in the production of this fragment is not
"RNase P" but another nuclease or nucleases which have co-
purified with "RNase P". This matter is treated more fully

below (Discussion 1ID).

B. Analysis for the Presence of Modified Nucleosides

in the TYMV RNA 3'-Fragment

The possible presence of modified nucleosides was also
investigated by in vitro [32P]—labeling. The TYMV RNA 3'-
fragment was first digested with T2 RNase and then treated
with polynucleotide kinase in the presence of Y[32P]ATP.
Analysis was by two-dimensional TLC in solvents (a) and (c),
as described above (Fig. 15). It can be seen that the pattern
obtained from the TYMV RNA 3'-fragment (Fig. 15A) is essenti-
ally identical to that obtained from the tetranucleotide A-U-

C-Gp (Fig. 15B) subjected to the same treatment. An analysis

Met
£

phasize, by contrast, that modified nucleosides, when present,

of E. coli tRNA (Fig. 15c¢ and 15d) is included here to em-
are easily detected in this system. Based on Fig. 15 and on
many further observations on the behavior of modified nucleo-
sides in this type of analysis (cf. Fig. 4, above), we may
conclude that the TYMV RNA fragment contains no m7G, T, D, ¥,
mlG or mla. Although all modifications cannot be specifically
excluded, we feel that the fragment is most likely free of

modified nucleosides.
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Figure 15. Analysis of the TYMV RNA 3'-fragment for the
presence of modified nucleosides. Autoradiograms of two-
dimensional thin layer chromatography patterns of [32P]-
labeled nucleoside-3',5'-diphosphates obtained from (for
details see Methods) A) TYMV RNA 3'-fragment; B) A-U-C-Gp;
and C) E. coli tRNA?et. D) is a replica of C) indicating
identification of spots. The spot labeled X was later
identified as pCm-Up (Fig. 2). G-6-p is glucose-6-phosphate.

For discussion of artifactual radioactive spots at left of

each plate see Legend, Fig. 2.
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C. Analysis of Oligonucleotides Present in Complete

21 RNase and Pancreatic RNase Digests of the TYMV

RNA 3'-Frxagment

Fig. 16 shows the fingerprints of complete Tl RNase
(Fig. 16A) and pancreatic RNase (Fig. 16B) digests of the
TYMV RNA 3'-fragment. Fig. 17 shows the fingerprint of a
complete Tl RNase digest using PEI-cellulose chromatography
instead of DEAE-paper ionophoresis in the second dimension
(see Methods). The total nucleotide sequences and molar
yields of all the radiocactive oligonucleotides thus obtained
are listed in Table V. The sequences indicated in the table
were determined by partial digestion with SVP and analysis
by one-dimensional DEAE-paper ionophoresis and/or by two-
dimensional homochromatography (see above; procedural details
in Methods). A detailed description of the analysis of
several of these sequences follows.

Spot T2 was missing from the standard Tl RNase finger-
print of Fig. 16A, but was present in 0.5 molar yield in a
PEI-cellulose TLC fingerprint (Fig. 17) prepared from the
same [32P}—1abeled digest; in other fingerprints which used
DEAE-paper ionophoresis it was present in 0.1-0.5 molar
yield. Spot T9 is also difficult to discern in Fig. 16A,
where it has streaked badly in the second dimension, yet can
be seen quite clearly in fingerprints which have used PEI-
cellulose TLC (Fig. 17). Both spots T2 and T9 were therefore

prepared exclusively from PEI-cellulose fingerprints.
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Figure 16. Autoradiograms of 5'~[32P]—labeled oligonucleo-
tides obtained from T RNase (A) and pancreatic RNase (B) di-
gests of the TYMV RNA 3'-fragment as analyzed by two dimensional
ionophoresis. In (A), spot 2 is faint and was not numbered,
and spot 9 streaked in the second dimension; both these spots
appear more clearly in the fingerprint of Fig. 17, below, which
was prepared from an aliquot of the same polynucleotide kinase
incubation. See also legend to Table V. The spot numbered 17
in (B) is artifactual and was correlated with the particular
preparation of Y[32P]ATP used in this case. Several other
faint spots in B), not numbered, were not present in other
pancreatic RNase digests of the TYMV RNA 3'-fragment (data not
shown) , and were not studied. ATP is an occasional contami-
nating product due to its incomplete conversion to glucose-6-
phosphate. B surrounded by dots, xylene cyanole blue dye

marker.
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Figure 17. Autoradiogram of 5'-[32P]-labeled oligonucleotides
obtained from a Tl RNase digest of the TYMV RNA 3'-fragment.

The [32

P]-labeled digest used was the same as that of Fig.
16A. First dimension was ionophoresis on cellulose acetate

at pH 3.5 as in Fig. 16; second dimension was thin layer chro-
matography on a PEI-cellulose plate as described in the text.

32P]—containing

The spot labeled X was a complex mixture of [
material that was assumed to be artifactual and was not ana-
lyzed further. B surrounded by dots is xXylene cyanole blue

dve marker; glucose—-6-p is glucose-6-phosphate and Pi is in-

organic phosphate.



130

-
.16 X 8
158 ‘13 14‘ ‘9
‘ .
10‘. o o
. 11
.

Glucose-6-P



131

Table V. Oligonucleotide Sequences and Molar Yields Present

in Fingerprints (Fig. 16A and B) of T, RNase (A) and Pancre-

1
atic RNase (B) Digests of the TYMV RNA 3'-Fragment.

*Determined by Cerenkov counting of spots excised from finger-
prints of two independent preparations of the TYMV RNA 3'-

fragment.

*It should also be noted that intact TYMV RNA terminates with
C at its 3'-end (67). The presence of a 3'-terminal A in
this sequence (spot T2) is due to the fact that the TYMV RNA
was aminoacylated prior to purification of the fragment.
The variable yield of the 3'-end sequence is believed to be
due to partial removal of the phenoxyacetylvalyl moiety in
the course of RNase digestion, 5'-labeling, and fingerprint-

ing.

*This sequence was present in near molar amounts only in the
cleanest fragment preparation, and is assumed to be the 5%~
end sequence generated from the most susceptible "RNase P"

cleavage point.
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Spot No. Sequence Molar Ratio*
A. T1 C-G 1.4
i, A-A-C-C-A 0.1-0.5%
T3 A-G 2.7
T4 C-C-A-G 1.0
T5 A-C-A-G 0.98
T6 U-G 1.4
T6 C-U-C-G -
T8 C-A-A-C-U-C-C-C-G 0.70
T9 U-C-C-C-C-A-C-A-C-G 1
710 U-U-A-G 2.2
5 ) U-C-U-G 0.97
;4 & U-C-A-U-C-G 0.82
713 A-U-A-A-U-C-G 0.92
T14 c-C-C-C-U-C-U-U-C-C-G 0.91
T15 U-U-C-U-C-G 1ol
T16 A-U-C-U-U-U-A-A-A-A-U-C-G 0.81
T17 A-C-C-U-A-A-G 0.1-0.67%F
B. Al A-C 2.2
A2 A-A-C 0.8
A3 G-C 2+
A4 A-U 0.91
A5 2A-G-C + 1G-A-C 2.5
A6 A-A-U i [ |
A7 A-A-A-A-U 0.74
A8 G-G-C 0.20
A9 G-U 1.8
Al0 1A-G-U + 1G-A-U 2.4
All 1A-A-G-U + 1A-G-A-U 2.2
Al2 G-G-A-A-C 0.88
Al3 G-G-U 0.28
Al4 G-A-G-G-U 0.69
Al5 G-A-G-G-G-U 0.33
Al6 G-G-G-U 0.40
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The sequence of oligonucleotide T2 was determined both
by DEAE-paper ionophoresis (Fig. 18A) and by two-dimensional
homochromatography (Fig. 18B). These two analyses estab-
lished conclusively that the sequence of this oligonucleotide
is A-A-C-C-A, showing it to be the 3'-end of the fragment
(this sequence does not agree with the tentative 3'-end se-
guence assigned by Litvak et al. (152)). We believe that
the variable yield of spot T2 (Table Va and above) is due to
the incomplete and variable removal of the phenoxyacetylvalyl
moiety in the course of RNase digestion, 5'-labeling and
fingerprinting.

The sequences of di-, tri- and tetranucleotides were
determined by DEAE-paper ionophoresis (data not shown); A.
Prochiantz participated in the analysis of shorter oligo-
nucleotide sequences from the pancreatic RNase fingerprint
(Fig. 16B).

0f the shorter oligonucleotides, Tll (Table Va) was of
particular interest. Its mobility in the fingerprint (Fig.
16A) is consistent with the nucleotide composition (Uz, C,
G), it has a U 5'-end group (data not shown), and partial
digestion with SVP, when analyzed by one-dimensional homo-
chromatography (cf. Fig. 7), shows it to be a tetranucleo-
tide (data not shown). It is therefore a potential U-U-C-G
sequence, as might be generated by Tl RNase cleavage of loop
IV of a typical tRNA (Fig. l1). However, analysis by one-

dimensional DEAE-paper ionophoresis at pH 3.5 and at pH 1.9
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Figure 18. Autoradiograms of analyses of the sequence of
oligonucleotide T2 (Fig. 16A, Table Va) by A) one-dimensional
ionophoresis at pH 3.5 alongside the oligonucleotide of known
sequence *pC-A-A-C-C-A (i), and a partial digest of the known
oligonucleotide *pA-A-C; B) two-dimensional homochromatography.
B circled by dots in A) and B) is xylene cyanole dye. The
method of obtaining partial digests of oligonucleotides with
SVP and of selecting time point aliquots of the digestion
reaction for analysis is described in Methods and Results I.
(Note, paper electrophoresis and thin layer chromatography

patterns have not been reduced to the same scale.)
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(data not shown), and analysis by two-dimensional homochro-
matography (Fig. 19), unambiguously indicated the sequence
to be U-C-U-G.

Two of the pancreatic RNase fingerprint oligonucleotides,
A5 and Al0 (Table Vb), contained both A and G 5'-end groups;
this indicated a mixture of sequences. The ratio of the se-
quences present was determined, in each case, by the ratio

of [32

P] cpm in the A and G end group spots recovered from
TLC plates. The sequences in A5, A-G-C and G-A-C, and the
sequences in Al0, A-G-U and G-A-U, could be inferred from
the mobilities of these spots in the fingerprint (Fig. 16B).
They were confirmed by partial SVP digestion and analysis
by one-dimensional paper ionophoresis at pH 3.5; in each
case, two dinucleotide spots, A-G and G-A, were slightly
resolved (data not shown).

The 5'-end group of oligonucleotide All is A. However,
when a partial SVP digest of All is analyzed by ionophoresis
on DEAE-paper at pH 3.5, two dinucleotide spots appear,

A-A and A-G (Fig. 20A). These are followed by two trinuc-
leotide spots, the faster of which comigrates with an A-A-G

marker compound (kindly supplied, from a T, RNase finger-

L
print of Neurospora crassa tRNA?et, by Dr. A. Gillum) (Fig.

20A). It was confirmed by two-dimensional homochromatography
(Fig. 20B) that this oligonucleotide contained a mixture of
two compounds, A-A-G-U and A-G-A-U. It was also inferred

from the equal intensities of the two di- and the two
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Figure 19. Autoradiogram of analysis by two-dimensional homo-
chromatography of a partial SVP digest of oligonucleotide TI11

(Fig. 16A; Table Va). The sequence deduced is *pU-C-U-G.
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Figure 20. Autoradiograms of analyses of the sequence(s) of
oligonucleotide(s) All (Fig. 16B; Table Vb) by A) one-dimen-
sional ionophoresis at pH 3.5 alongside the oligonucleotides

of known sequence i) *pA-A-G, ii) *pA-G and a partial SVP di-
gestion of the known oligonucleotide iii) *pA-A-U; B) two-dimen-
sional homochromatography. B circled by dots is xylene cyanole
dye. The sequence deduced for All is (Table Vb) an equimolar
mixture of *pA-A-G-U and *pA-G-A-U. (Note, paper electrophoresis
and thin layer chromatography patterns have not been reduced to

the same scale.)



140

K]
h AA i e
.AG
f.. AAU
LN L
®e
0 0 1 2 00 1 2
i All il i
-
W




141

trinucleotide spots in Fig. 20A that these two sequences
were present in equimolar amounts.

Sequences longer than tetranucleotides were generally
determined by combining the results of analyses of partial
SVP digestions by one-dimensional DEAE-paper ionophoresis
and by two-dimensional homochromatography. Analysis of
pancreatic RNase fingerprint oligonucleotides was particu-
larly straightforward, as they contain only one 3'-terminal
pyrimidine residue. Where only G and A need be unambiguous-
ly differentiated, homochromatography provides the simplest
means of anlaysis. This is illustrated for the sequence
analysis of Al4 and Al5 (Fig. 21). It can be seen from Fig.
21 that these two similar sequences, G-A-G-G-U and G-A-G-G-
G-U, respectively (Table Vb), can be "read" directly and un-
ambiguously by mobility shift analysis. In RNA, mobility
shifts for A and G in the cellulose acetate (pH 3.5) dimen-
sion can generally be clearly distinguished; this is not
necessarily true for DNA, however (145,146). The sequences
of Al4 and Al5 were corroborated by one-dimensional DEAE-
paper ionophoresis at pH 1.9 (data not shown).

The ionophoretic analysis of oligonucleotides T15, T12,
T13 and T1l6 shown above (Figs. 8, 9) were all confirmed by
two-dimensional homochromatography. Fig. 22 shows the
analyses of T15 and T16; it should be noted that, unlike the
one-dimensional ionophoretic analyses of these sequences dis-

cussed above (section I), there is no ambiguity whatsoever



142

Figure 21. Autoradiograms of analyses by two-dimensional
homochromatography of the sequences of A) oligonucleotide Al4
(Fig. 16B, Table Vb) and B) oligonucleotide Al5 (Fig. 16B,

Table Vb). B circled by dots is xylene cyanole dye.
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Figure 22. Autoradiogram of analysis by two-dimensional homo-
chromatography of the segquence of A) oligonucleotide T15 (Fig.
1l6A, Table Va) and B) oligonucleotide T1l6 (Fig. 16A, Table Va).

B circled by dots is xylene cyanole dye. Compare Figs. 7 and
8.
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in the two-dimensional homochromatography analyses. The
analysis of Tl16 in Fig. 22 also illustrates the suitability
of two-dimensional homochromatography for analysis of longer
sequences; the iononphoretic data are thus both corroborated
and extended.

Fig. 23A shows the analysis, by two-dimensional homochro-
matography, of the sequence of oligonucleotide T9; it is
included here to illustrate the clear distinction of purine
and pyrimidine mobility shifts in this (A,C)-rich sequence
by the homochromatography dimension. These distinctive
mobility shifts (Fig. 23A) allow an unambiguous sequence
determination. Fig. 23B shows the analysis, by two-dimen-
sional homochromatography, of the sequence of oligonucleo-
tide T1l4, and illustrates the behavior of sequences of C's
at the 5'-terminal end of an oligonucleotide, in the cellu-
lose acetate (pH 3.5) dimension. As can be seen from the
figure, pC-C runs faster than pC, and pC-C-C faster than
pC-C, etc., as opposed to the more usual direction of C
mobility shifts (Fig. 10A). This phenomenon has been dis-
cussed above (Section I). The 5'-proximal sequence of Tl4
was confirmed by one-dimensional ionophoresis on DEAE-paper
at pH 3.5 alongside a partial digest of the marker compound
pC-C-C-C-A-C-G (Fig. 24). Once thus established unambigu-
ously, the sequence of T1l4 could be used as a two-dimensional
homochromatography reference pattern for comparison with the

patterns of unknown sequences (cf., the DNA sequence pdC-C...
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Figure 23. Autoradiograms of analyses by two-dimensional homo-
chromatography of the sequences of A) oligonucleotide T9 (Fig.
16A; Table Va) and B) oligonucleotide T14 (Fig. 1l6A, Table

Va). B circled by dots, xylene cyanole dye.
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Figure 24. Autoradiogram of a partial SVP digest of spot T14
of Fig. 16A as analyzed by ionophoresis on DEAE paper at pH
3.5. Three sets of pooled time points from partial digestion
of A) oligonucleotide T1l4 of Fig. 16A and B) an oligonucleotide
of known sequence, *pC~C-C-C-A-C-G, used here a a marker for
the 5'-proximal sequence *pC-C-C-C. B surrounded by dots is

xylene cyanole dye.
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of Fig. 13, the "reading" of which in fact relied on a
knowledge of T14 (Fig. 23B)).

Unfortunately, quantitation of oligonucleotide molar
yields was not as straightforward as sequence determination.
Table V indicates that besides T2 (discussed above), oligo-
nucleotide T17 is also recovered in low and variable yield.
Tl4 was present in near-molar amounts only in the cleanest
fragment preparation (Fig. 14), and is assumed to be the 5'-
end seguence generated from the most susceptible "RNase P"
cleavage point. Table Vb indicates that the molar yields
recovered of spots A8, Al3 and Al5 are all below 40%. Se-
guence Al5 was later shown by an independent experiment (Fig.
25 and below) to be near the 3'-end of the fragment. Whether
A8 and Al3 are genuine components of the TYMV RNA 3'-fragment
which are recovered in low yield, or whether they arise from
contaminants in the TYMV RNA 3'-fragment is not known (note
that the purity of this fragment preparation is only approxi-

mately 80% (Fig. 14)).

D. Sequence of the 5'- and 3'-Terminal Regions of the

TYMV RNA 3'-Fragment

As discussed above (Section I), partial digestion of 5'-

or 3'-labeled tRNAs with nuclease P, followed by two-dimen-

1
sional homochromatography can provide substantial sequence
information for the 5'- and the 3'-terminal regions of these

tRNAs. This procedure has proved very usefuly in analysis

of the TYMV RNA 3'-fragment.
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TYMV RNA, which ends in ...C—COH as extracted from the
virion (67,152), was treated with purified E. coli tRNA nuc-
leotidyltransferase and a[32P]ATP to obtain 3'—[32P]-labeled

material ending in ...C—C—[32P]—A This material was then

OH"
digested with nuclease P, under mild conditions to generate

a random population of [32P]-labeled partial degradation
products which derive from the 3'-end (see Methods). Fig.

25 shows an autoradiogram of a two-dimensional homochromatog-
raphy pattern of such a digest. Based on the known segquence
of the 3'-terminal oligonucleotide as A-A-C-C-A (spot T2 of
Table Va) and using the angular mobility shifts between suc-
cessive oligonucleotide spots (Fig. 10A), the sequence that
can be deduced for the 3'-terminal end is ... (G)-A-G-G-G-
U-C-A-U-C-G-G~A-A-C-C-A.

A similar method was employed to obtain the sequence of
the 5'~-terminal region of the TYMV RNA 3'-fragment. The frag-
ment was labeled with {32P] at the 5'-end and repurified by
gel electrophoresis as in Fig. 14. The 5'—[32P]—1abeled mater-
ial was recovered, partially digested with nuclease P; and the
digest analyzed by two-dimensional homochromatography. Fig.
26 shows the results obtained. Although the partial hetero-
geneity at the 5'-end of this fragment gives rise to several
satellite spots near the top of the autoradiogram, the sequence
which can nevertheless be deduced (legend to Fig. 26) for the
5'-terminal region is ...U-A-A-G-U-U-C-U-C-G-A-U-C-U-U-U-A-A-

A-A... . Based on the overlap of this sequence with the



153

Figure 25. Autoradiogram of a partial nuclease Pl digest of
3'-[32P]—labeled TYMV RNA. First dimension ionophoresis on
cellulose acetate, pH 3.5, and second dimension, homochroma-

tography in 10 mM KOH-strength "homomix" (Methods).
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Figure 26. Autoradiogram of a partial nuclease Pl digest of

51_[32

P]l-labeled TYMV RNA 3'-fragment as analyzed by two-
dimensional homochromatography (using 10 mM KOH-strength "homo-
mix"). Note that the 5'-proximal [32P]—labeled mono and di-
nucleotides have been allowed to run off the top of the plate
into the wick (the longer run increases resolution of mater-
ial at the bottom of the plate). The "reading"of this sequence
in the presence of numerous background spots was aided greatly
by the recognition, within this pattern, of the known homo-

chromatography patterns of the Tl-oligonucleotides (Table V)

it contains.
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oligonucleotides present in the complete T, RNase digest of
the TYMV RNA 3'-fragment (Table Va), the 5'-terminal sequence
of the TYMV RNA 3'-fragment is A-C-C-U-A-A-G-U-U-C-U-C-G-A-
U-C-U-U-U-A-A~-A~-A-U-C-G.

Gel electrophoretic analysis of some preparations of
the TYMV RNA 3'-fragment, 5'-terminally labeled with [32P],
showed the additional presence of a discrete band migrating
slightly more slowly than the main band (Fig. 27). Analysis
of a partial nuclease Pl digest of this material is presented
in Fig. 28. While this material also shows a few satellite
spots and hence is not homogeneous at the 5'-end, it is
nevertheless possible to conclude that this fragment contains
the sequence ...U-U-C-C-A-C-C-U-A-A-G-U-U-C...

The overlap of sequence between this and the 5'-end of

the TYMV RNA 3'-fragment (Fig. 26) suggests that the sequence

A-C-C-U-A-A-G........A-A-A-A-U-C-G is preceded by U-U-C-C:
.. .U=U-C-C-A-C-C-U-A-A-G-U-U-C-U-C-G-A-U-C-U-U-U-A-A-A-A-
U-C-G. e @ .

A possible secondary structural model of interaction
between this 5'-end sequence and the 3'-end sequence of the

TYMV RNA 3'-fragment (Fig. 25) is discussed below (Discussion).

III. Further Applications of these Sequencing Techniques

A. The First Nucleotide Sequence of an Organelle tRNA:
Phe

Euglena gracilis tRNA

Although the sequences of some 80 different tRNAs from

a variety of sources are known, none of these represent
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Figure 27. Autoradiogram of 5'-[32P}-labeled TYMV RNA 3'-
fragment subjected to electrophoresis in a 12% polyacrylamide
gel. Two different preparations of the TYMV RNA 3'-fragment
were run side by side. 1) gave two bands of approximately
equal intensity, labeled A and B, and 2) gave the more typi-
cal single band (cf. Fig. 14) and serves here as a marker.

Direction of electrophoresis was from top to bottom.
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Figure 28. Autoradiogram of a partial nuclease Pl digest of
the slightly longer 5'—[32P]-labeled TYMV RNA fragment iso-
lated from band A of Fig. 27. Note that the mono- (pA 5'-end
group) and dinucleotides (and probably several further oligonuc-
leotides) have not been transferred from the first dimension
to this plate. Because of the nature of "mobility shifts" in
two-dimensional homochromatography (Fig. 10), the sequence at
the 5'-end of this RNA fragment must be *pA-C or *pA-A, di-
nucleotides that run slower than xylene cyanole dye (B circled
by dots) in the first dimension (ionophoresis on cellulose
acetate at pH 3.5; vide ante). The exact size of the first
oligonucleotide included in the "reading" proposed is not
known; its position in the second dimension is consistent with

a tetra-hexanucleotide.
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tRNAs from eukaryotic organelles. The main reason for this
has been the difficulty, until now, of obtaining either uni-
formly labeled [32P]—tRNA or substantial quantities of non-
radioactive tRNA from eukaryotic organelles in a homogeneous
form for sequence studies. The purification and nucleoside

Ehe from chloroplasts of Euglena has been

composition of tRNA
reported (155). The nucleotide sequence of this tRNA has now
been determined, in collaboration with S. Chang and C. Brum,
who worked in our laboratory (153,154); tRNA for sequence
analysis was prepared by L. Hecker in the laboratory of W.E.
Barnett. The methods used in this work followed, for the
most part, the scheme presented in Fig. 12.

The nucleoside composition of chloroplastic tRNAPhe was
already known (155), so the application of [32P]-end group
labeling began with the preparation of fingerprints. This
work was in collaboration with S. Chang, following
procedures developed previously for the sequence analysis of
the TYMV RNA 3'-fragment (vide ante) and the sequence analy-
sis of eukaryotic initiator methionyl tRNAs (16,18,19).

Figure 29 shows the fingerprints obtained from complete
Tl RNase and pancreatic RNase digests of the chloroplastic
tRNAPhe. The 5'-[32P]—labeled oligonucleotides were eluted
and analyzed further by 5'-end-group analysis and by partial
digestion with SVP and/or nuclease Pl' as described above

(Section I). Table VI lists the sequences of these oligonuc-

leotides. The elucidation of the sequences of the Tl RNase
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Figure 29. Fingerprints of 5‘—[32P]-labeled oligonucleotides

RNase digestion and (B) pancreatic RNase

1
digestion of chloroplastic tRNAPhe. B circled by dots is

obtained from (A) T

xylene cyanole dye marker.
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Table VI. Oligonucleotide Sequences and Molar Yields Present

in Fingerprints (Fig. 29 A and B) of Tl RNase (A) and Pan-

creatic RNase (B) Digests of Euglena chloroplastic tRNAPhe

35ee Fig. 29

bBased on Cerenkov counting of fingerprint spots.

ch* behaves like a uridine derivative in the two dimensional
homochromatography system (Results I). It is probably a der-
ivative of 4(abu)3U, which became modified during the phenoxy-
acetylation of the tRNA during purification (155,158,159).

c-j‘Low molar ratio is due to the presence of modified nucleo-

tides at the 5'-ends of these fragments, that are often phos-

phorylated at a slower rate by polynucleotide kinase.

€y* is either U or a modified U, probably D (dihydrouridine).

fA* is probably mszi%h known to be present in chloroplastic

trRNATRE (155).
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Molar Ratiob

Spot No.? Sequence

T1 c-G 1.2
T2 A-G 2.4
T3 C-A-C-C-A 0.92
T4 C-U-G 1.1
TS5 A-C-U-G 1.0
T6 C-U-C-A-G 1.0
T7 A-U-A-G 1.0
T8 D-U-G 0.249
T9 Gm-U*-A-G® 0.53
T10 U-m’G-Py*-C-A-C-C-A-G 0.68
T11 U-U-C—-C-U-A-G 0.94
T12 T-Y=C-A-A-A-U-C-U-G 1.0
T13 A-A-A*-A-Y¥—-C—-C-U-U-G 0.61
NI m’G-py*S o, 3%
A2 A-C 2.0
A3 G-C 1.0
A4 A-G-C 2.0
A5 A-A-A-U 1.0
A6 G-U 1.0
A7 A-G-D 1.0
A8 A-G-T 1.0
A9 A-G-A-G-C 1.0
Al0 G-Gm-U*< 0.75
All G-G-U 1.0
Al2 G-A-A-A*-A-yT 0.63
Al3 G-G-G-A-U 1.0
Al4 Bt BB 1.0
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and pancreatic RNase oligonucleotides arising from the arti~
codon loop region of the tRNA (T13 and Al2), in particular,

relied on a combination of analyses with SVP and nuclease Pl
(data not shown), as described above for the analysis of the

t

anticodon sequence of Neurospora crassa tRNATe [(Fig. ll] =

Determination of the total sequence of the tRNA required,
in addition, sequence information for the 3'- and 5'-ends of
the molecule, and sequence information for larger internal
oligonucleotides. Sequence information for the 3'-end of the
tRNA was obtained by specific chemical cleavage of the tRNA at
the phosphodiester bond adjacent to m/G (16,156); this was the
work of C. Brum. The smaller 3'-fragment and larger 5'-frag-
ment of the tRNA were separated by polyacrylamide gel electro-
phoresis in 7 M urea (Methods), and recovered from the gel by
extraction (Methods). The sequence of the 3'-terminal, 30-
nucleotide-long fragment was established by complete digestion
with T, RNase and complete digestion with pancreatic RNase,
followed by 5'-end labeling of the oligonucleotides with [32P]
and fingerprinting. The sequence of the 5'-end of the tRNA
was determined by partial nuclease Pl digestion of 5'-[32P]-
labeled intact tRNA, and analysis by two-dimensional homo-
chromatography (data not shown). Several internal fragments
of the tRNA were obtained by partial digestion, under mild
conditions, with Tl RNase (157). The larger oligonucleotide
fragments produced were treated with calf-intestinal alkaline

phosphatase to remove 3'-terminal phosphomonoester groups
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(Methods), and were labeled with [32P] at the 5'-end; the
labeled fragments were then separated by two-dimensional
gel electrophoresis (Fig. 30). The 5'—{32P]—1abeled frag-
ments were recovered by electrophoretic elution (Methods)
and analyzed either by partial digestion with nuclease Pl
(followed by two-dimensional homochromatography) or by
further complete digestion with Tl RNase followed by [32P]—
labeling and fingerprinting of the oligonucleotides present
in such digests (16). The analysis and sequence of selected
oligonucleotide spots (Fig. 30) that were characterized is
summarized in Table VII.

The use of all these analyses to order the fingerprint
oligonucleotides into a unique total sequence for chloro-

Pl is summarized in Fig. 31. The sequence at

plastic tRNA
the top is that of the tRNA in linear form. The sequence
shown in (a) was deduced from a partial nuclease Pl diges-
tion of 5';[32P]—labeled tRNA. Fragments (b) and (e) are
larger oligonucleotides present in partial T, RNase digests
(Table VII). The sequence shown in (b) was obtained by
partial digestion with nuclease Pl, whereas that shown in

(e) was established by analysis of the oligonucleotides pres-
ent in complete T, RNase digests of (e). Fragment (d) is the
3'-terminal fragment cbtained by chemical cleavage of the tRNA ad-
jacent to the m7G residue, and its sequence was established

as described above. Oligonucleotides (d), (f), and (h) are

among those present in complete Tl RNase and pancreatic RNase
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Figure 30. Autoradiogram of two-dimensional polyacrylamide

gel electrophoresis of 5'-[32p]-labeled partial T, RNase di-
gest of chloroplastic tRNAPhe (details in text). XCB, xylene
cyanole dye; BgB, bromophenol blue dye. The first dimension

is a 10% gel run at pH 3.5, and the second dimension a 20%

gel run at pH 8 (Methods).
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Table VII. 5'-end Groups and Sequences of Some 5'-[32P]-1abe1ed RNA
Fragments Recovered after Partial T1 RNase Digestion of Chloroplast

teNAFR® (rig. 30).

a See Fig. 30.

b Determined by digestion with T, RNase, followed by one-

2
dimensional TLC (Methods; cf. Fig. 6); n.d., not determined.
¢ Sequential nucleotide numbering, Fig. 31.

d Comp. T, refers to complete digestion with T, RNase, followed

1
by 5'-end group labeling of the resulting oligonucleotides and
fingerprinting. Part. P1 refers to partial digestion with nuclease
Pl’ followed by two-dimensional homochromatography.

e Letters in parentheses refer to fragment designations in Fig. 31.

f The 5'- and 3'-portions of this nucleotide sequence could not be

"read'" unambiguously from the two-dimensional homochromato-

gram (data not shown).



Table VII. 5'-end Groups and Sequences of Some 5'-[32P]-labeled RNA

Fragments Recovered after Partial T

tRNAFPe (Fig, 30).

Frag. 5'-End
No. ® Group .
1 A-

2 A
3 U
4 U
6 (b) A
8 (e) n. d.
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1
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Method of
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Phe in linear form

Figure 31. Sequence of chloroplastic tRNA
(top) and large oligonucleotides necessary for establishment
of the sequence. Fragments (a) through (h) are explained in
the text. Dashed lines indicate that the fragments concerned

contained additional nucleotides, the sequence of which was

not completely deduced in the particular experiment described.
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10 20 30 40 50 60 T0
*
] GCUGGGAUAGCUCAGDUGGni}AGAGCGGAGGhCUGAAA A‘PCCUUGUmTGPy*CACCAGT'PCAAAUCUGGUUCCUAGCACCA

PGCUGGGAUAGCUCAG --~ ---GACUGAA--- GU ~--ACCAGTYCAAAUCUGGUUCCUAGCACCA
(a) (b) (c) (d)
CUCAGDUGGI‘I’JAGAGCGGAG AAAAYCCUUG
(e) (f)
7 o
GGAGGAC Um'GPy CACCAG

(9) (h)
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digests of the tRNA (Table VI) and are shown here only to
indicate the overlaps necessary for the derivation of the
total sequence of the chloroplastic tRNA.

Fig. 32 shows the sequence of Euglena chloroplastic
tRNAPhe written in the cloverleaf form (Fig. 1). U*, A*, and
Py* are three modified nucleosides which have not been con-
clusively identified during this sequence work. U* is either
U or D. Based on the behavior of oligonucleotides containing
A* and on earlier work on the nucleoside composition analysis
of the tRNA (155), A* is most probably mszisA (2-methylthio-
N6-isopentenyladenosine) and Py* a phenoxyacetylated deriva-
tive of 4(abu)3U (N3w(4(2-amino)butyryl)uridine) (158,159) .

In the context of the issues raised in this thesis, the
elucidation of the total nucleotide sequence of chloroplas-

tic tmrNaFD®

32

provides an excellent example of the application
of [""P]-end-group-labeling to RNA sequence analysis. Or-
ganellar tRNAs are difficult to purify in substantial quan-
tities, and cannot be radiolabeled to high specific activity
in vivo. Our analysis of chloroplastic tRNAPhe represents
the first complete nucleotide sequence to be determined for
any organellar tRNA, and illustrates both the sensitivity
and efficiency of the IBZH—post-labeling sequencing methods
described in Section I; most of the work described above

(except the m7G cleavage reaction) was completed with a

total of less than 75 pg of RNA in a time span of four months.
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Phe

Figure 32. Sequence of Euglena chloroplast tRNA in clover-

leaf form. Modified nucleosides are discussed in text.
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B. Analysis of Sites of Chemical Modification of 5S

RNA in Bacterial Ribosomes

It has been shown in bacteria, that the presence of 58
RNA in the 50S ribosomal subunit is essential for ribosomal
activity (160). Moreover, it has been found that the tRNA
fragment T-Y-C-G specifically interacts with 5S RNA (161).
It was also found that T-¥-C-G inhibits enzymatic binding of
aminoacyl tRNA to ribosomes and stimulates magic spot forma-
tion (162). Because the sequence G-U-U-C-purine, and its
derivatives, such as G-T-¥-C-purine, are common to loop IV
of all tRNAs active in peptide chain elongation (Fig. 1),
this and other evidence suggest that 5S RNA interacts with
this sequence of aminocacyl tRNA in the ribosomal A-site.
Furthermore, the existence of a G-A-A-C sequence, complemen-
tary to T-¥-C, in approximately the same position in 5S RNA
isolated from a variety of bacteria (1l1l) suggests that this
sequence may be the locus of such interaction, which could
occur by Watson-Crick base-pairing.

When 55 RNA is treated in situ, on the 70S ribosome,
with monoperphthalic acid, a selective oxidation of two
adenine residues occurs (1l61l). 5S RNA so treated loses its
ability to bind T-Y¥-C-G, and 50S ribosomal subunits recon-
stituted with treated 5S RNA have greatly reduced activity
(161) . Because of the proposed role of the G-A-A-C sequence
in the function of 55 RNA (i.e., Watson-Crick base-pairing

with T-¥-C), it was suggested that the sites of adenosine



179

modification by monopherphthalic acid in 55 RNA may be within
this sequence (161).

In collaboration with V.A. Erdmann of the Max-Planck-
Institut flir Molekuldre Genetik (Berlin-Dahlem, W. Germany),
we decided to examine the sites of in situ oxidation of 58
RNA by monoperphthalic acid through sequence analysis. The
analytical methods involved pancreatic RNAase digestion of 5'-
[32P]—1abeling of the resulting oligonucleotides (which in-
clude the oligonucleotide G-A-A-C), and fingerprinting;
oligonucleotide sequences were determined by partial SVP
digestion followed by two-dimensional homochromatography.

55 RNA treated in situ, in the ribosome, with monoperph-
thalic acid as described (161) was prepared by V.A. Erdmann;
samples were treated for 5, 15 and 45 min, respectively.

Fig. 33 shows the fingerprints obtained from complete pancre-
atic RNase digests of these monoperphthalic acid-treated 5S
RNA samples, and from an untreated 5S RNA control. It can
be seen (Fig. 33, arrows) that two major new oligonucleotide
spots appear with increasing time of exposure of the RNA to
monoperphthalic acid, the spots numbered 13* and 18%*, as
well as a third product, numbered 20. One additional new
product (Fig. 33, arrows) was present only in the 45 min
treated RNA (spot 21); it was not further studied.

The sequences and molar yields of all the oligonucleo-
tides in the four fingerprints (Fig. 33) are indicated in

Table VIII. Identification of sequences was based mostly on
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Figure 33. Fingerprints obtained from pancreatic RNase di-
gestions of 5S RNA which had been treated with monoperph-
thalic acid for A) 0 min; B) 5 min, C) 15 min and D) 45 min.
New spots appearing during this time course (13*, 18%, 20,

21) are indicated by arrows. Numbering of parent spots is
according to Brownlee (129). Some spots which appeared only
in single fingerprints were assumed to be artifactual (i.e.,
caused by partial degradation of the substrate before initi-
ation of the fingerprinting analysis) and were not numbered.
Such decisions must still be considered preliminary at this
time. Spot X is a radiocactive artifact seen often in pan-
creatic RNase fingerprints prepared by our in vitro labeling
procedures (M. Simsek, personal communication). Spot Y is in
a position consistent with the identification *pA-A-C, although
this oligonucleotide should not be present in a pancreatic
RNase digest of E. coli 55 RNA (129). Because of its variable
yield (Table VIII), spot Y may be due to artifactual nuclease

degradation.
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Table VIII. Oligonucleotide Sequences and Molar Yields Present
in Fingerprints (Fig. 33, A-D) of Pancreatic RNase Digests of
E. coli 5S RNA Treated for A) 0 min, B) 5 min, C) .15 min, and

D) 45 min with Monoperphthalic Acid (161; see text)

dsee Fig. 33 A-D.

bBased on Cerenkov counting of excised fingerprint spots.
The molar yields of spots 13 and 14 were calculated from the
ratio of A to G end groups in material from the mixed spot

13 + 14 (Fig. 33 A-D).

cAlthough the sequence of this oligonucleotide was not deter-
mined in this work, the indicated sequence was inferred from

its position in the fingerprint (Fig. 33D; see text).
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Spot %
No.2 Sequence Molar Ratio
expected
A B C D (ref. 129)
X - 0.92 1.5 0.98 1.0
Y == n.d. 0.6 0.2 0.26
3 A-C 2.0 2.4 1.4 1.8 1
4 G-C 6.4 7.2 9.1 9.2 7
5 A-U 2.8 2.9 2.9 3.2 3
6+7 1G-A-C + 2A-G-C 3.6 3.8 3.5 3.1 1+2
8 G-A-A-C 0.95 1.6 1.0 0.99 1
9  G-A-A-A-C 0.89 0.9 1.6 1.6 1
10 G-G-C 2ol 1.8 B3 2.7 2
11  A-G-G-C 0.89 0.92 0.93 1.1 1
12 G-U 3.6 4.8 3.4 4.0 2.5
13 G-a-uP 1.3 1.4 0.74 0.31 1
14 a-g-uP 1.6 1.8 1.7 1.9 1
15 G-G-U 3.0 2.9 3.5 3.5 3
16 A-G-G-G-A-A-C 0.65 0.68 0.61 0.55 1
17 A-G-A-A-G-U 0.77 0.96 1.1 0.96 1
18 G-A-G-A-G-U 0.87 0.94 0.79 0.51 1
19 G-G-G-G-U 0.47 0.38 0.60 0.74 1
13* G-A*-U --  0.32 0.52 1.2
18% G-A*-G-A-G-U -- --  0.15 0.50
20 (A*-U)° 0.22 0.61
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5'-end group analysis, and comparison with the fingerprint
patterns of Brownlee and Sanger (129); several identifica-
tions were further corroborated by partial SVP digestion,
followed by two-dimensional homochromatography (data not
shown). The two oligonucleotides whose yield decreases

with time of exposure to monoperphthalic acid (Table VIII)
are 13, which goes from 1.2 mole to 0.18 mole, and 18, which
goes from 0.87 mole to 0.51 mole. The oligonucleotides that
appear during the time course of exposure to monoperphthalic
acid (Fig. 33, Table VIII) may be seen to folow the reverse
kinetics, 13* being inversely proportional to 13, and 18%
(and also 20) being inversely proportional to 18.

The analysis of the sequence of 13* and 18* by two-
dimensional homochromatography is shown in Fig. 34; Fig. 35
shows, for comparison, the pattern obtained, by this method,
from unmodified oligonucleotide 18 (Fig. 33; Table VIII).
The mobility shift analysis (Section I) of the sequence of
13* and 18* (Fig. 34) was routine, except for the first mo-
bility shift, from mono- to dinucleotide, in both 13* (Fig.
34A) and 18* (Fig. 34B), which was found to be different
than that of any of the four major nucleotides (Fig. 10A).
This mobility shift, labeled A* in Fig. 34, was essentially
identical to a G-shift in the first dimension, cellulose
acetate ionophoresis at pH 3.5 (Fig. 10A), but resembled
a small pyrimidine shift (see Section I, above) in the

second, homochromatography dimension. The expected product



185

Figure 34. Analysis of the sequences of the oligonucleotides
represented by spots 13* and 18* in the fingerprints of Fig.
33. Partial SVP digests of the 5‘-[32P]—1abeled oligonuc-
leotides are analyzed by two-dimensional homochromatography.

Designation of the A* mobility shift is discussed in the text.
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Figure 35. Autoradiogram of analysis of *pG-A-G-A-G-U (Fig.
33, spot 18) by two-dimensional homochromatography of a par-

tial SVP digestion of the 5'-[32P]-labeled oligonucleotide.
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of monoperphthalic acid oxidation, under the conditions
used in this experiment (these conditions favor reaction
with A residues that are not base-paired (163)), is indi-
cated in Fig. 36. This product, adenosine-N-l-oxide, may
have an altered acid pK (cf. Table 1IV), and a "G-like" be-
havior wupon ionophoresis at pH 3.5 would therefore not be
surprisingl

Overall, the evidence suggests strongly that 13* is

2 and 18%* is G—A*-G—A—G—Uz. First, it has been previ-

G-A*-U
ously reported (161) that application of the conditions used
in this experiment to monoperphthalic acid modification of

55 RNA in situ in the ribosome results specifically in oxi-
dation of two A residues. Second, our data show that the
kinetics of the appearance of 13* and 18* matches the kine-
tics of the loss of 13 and 18, respectively (Table VIII).
Third, the first-dimensional mobility, in fingerprints, of
13*, which runs with G-G-U (Fig. 33, spot 15) and of 18%,
which runs faster than 18 (Fig. 33) can be explained as re-
sulting from the "G-like" behavior of adenosine-N-l-oxide

at pH 3.5. Finally, the sequence analysis of 13* and 18*%*

by partial SVP digestion followed by two-dimensional homochro-
matography (Fig. 34) is entirely consistent with the sequence
assignments G-A*-U and G-A*-G-A-G-U, respectively. The iden-

tity of oligonucleotide 20 (Fig. 33) was not investigated

lThe behavior of A* on DEAE-paper ionophoresis in 7% formic

acid (i.e., the second dimension of a standard fingerprint),
or on homochromatography cannot be predicted on a priori
grounds. -

2A* refers to a modified A-residue, in this case adenosine-1-

oxide.
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Figure 36. Oxidation of adenine residues in a polynucleo-

tide chain by monoperphthalic acid (163).
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in this work; however, its first dimensional fingerprint
mobility (Fig. 33), which is very similar to that of G-U
(Fig. 33, spot 12), suggests that it is probably A*-U.

Based on the above analysis two of the major sites of
modification in 5S RNA that result from treatment, in situ
on 708 ribosomes, with monoperphthalic acid may be identified
with residues 73 and 99 in the primary sequence of the mole-
cule (Fig. 37). Since there are three A-U sequences in 58
RNA (99; Fig. 37), the locus or loci of the A*-U modifica-
tion cannot yet be determined from this work. 1In several
proposed secondary structural models for 5S RNA (Fig. 37),
the two identified sites are in single-stranded regions.
However, as these modifications were generated by treatment
of the RNA in situ, in the ribosome, the significance of our
results lies in the implication that these two sites are also
"exposed" on the ribosome. In this context, it is especially
interesting that only one of the two A residues of oligonuc-
leotide fragment 18 (Fig. 33; Table VIII) is subject to modi-
fication. Unfortunately, the relationship between monoperph-
thalic acid oxidation of two exposed A-sites on 5S RNA and
loss of the ability of this RNA to interact with T-Y-C-G
(161) is not yet clear. If the G-A-A-C sequence of 55 RNA
(residues 44-47 in Fig. 37) is, in fact, the actual locus of
interaction with T-¥-C-G by Watson-Crick base-pairing (an un-
proven hypothesis), our results imply that tertiary structural

interactions, either in the 5S RNA itself or in its situation
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Figure 37. Secondary structural models for E. coli 5S RNA,
indicating (arrows) two of the loci of modification by mono-
perphthalic acid (see text). Model A is from ref. 164 and

model B is from ref. 165.
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within the ribosome, must also play a major role in this
interaction.

Our experiments with chemically modified 55 RNA also
point out the versatility both of the use of 5'-end group
labeling for comparative fingerprinting, and of the use of
two-dimensional homochromatography for sequence analysis.
The use of 5'-end group post-labeling, in this instance,
rather than in vivo labeling with [32P], also served to
facilitate the collaborative aspect of the project; samples
of 58 RNA prepared in Germany could be stored and analyzed
at a later date, without concern over radioautolytic damage

or the short half-life of [32P].
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DISCUSSION

In an attempt to account for the tRNA-like behavior of
the 3'-terminal region of TYMV RNA, we have investigated the
primary nucleotide sequence of a circa 112 nucleotide 3'-
terminal TYMV RNA fragment. The sequence information we
have obtained reveals some interesting characteristics of
this RNA fragment. In addition, by comparing our data with
that of L. Hirth and collaborators (104), a tentative se-
quence for the 115 3'-nucleotides of TYMV RNA may be pro-
posed and a possible 'cloverleaf' secondary structural model
examined. Finally, our efforts to devise means of efficient-
ly deriving sequence information from non-radioactive RNA by
in vitro labeling with [32P] have resulted in several useful
methodological advances; our sequencing strategies are ex-
amined with reference to other post-labeling sequencing methods

currently in use.

I. The 3'-End of TYMV RNA

A. Characteristics of the tRNA-like 3'-Terminal Region

of TYMV RNA

Our results show that unlike tRNA precursors in E. coli

(167) and those of various eukaryotic organisms and tissue
culture cells (168), the tRNA-like region of TYMV virion RNA
does not contain any modified nucleosides. The TYMV RNA 3'-
fragment is thus an example of an RNA species that can be

enzymatically aminoacylated and is, in fact, purified on the
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basis of aminoacylation (see Methods), but contains no
modified nucleosides. This is clear proof that E. coli
valyl-tRNA synthetase (ValRS), the enzyme used in the prep-
aration of the TYMV RNA 3'-fragment, does not require the
presence of modified nucleosides for cognate tRNA recogni-
tion. The same may also be true for ValRS of yeast, rat
liver and plants, although, as only crude preparations of
these enzymes have been tried with TYMV RNA (65,75), it is
possible that some nucleoside modifications may be intro-
duced (prior to aminoacylation) by tRNA modification enzymes
present in the aminoacylation reaction mixtures.

Recently, it has been reported that TMV RNA can be
aminoacylated by purified histidyl-tRNA synthetase (HisRS)
from rat liver (84). Since the partial sequence reported
for the 3'-71 nucleotides of TMV RNA does not contain any
modified nucleosides (95), it is likely that TMV RNA, too,
can be enzymatically aminoacylated in the absence of nucleo-
side modification. One interesting finding in the case of
TMV RNA aminoacylation is that the enzymatic reaction is
strongly inhibited by KCl1 (84); at 20 mM KCl, the aminoacyl-
ation of TMV RNA was found to be inhibited to 50%, whereas
the reaction with rat liver tRNA was stimulated by KC1l, the
optimal concentration being 140 mM. This was interpreted
(84) as suggesting that the binding of TMV RNA by rat liver
HisRS is relatively weak, and may be readily dissociated by

increasing salt concentrations. The aminocacylation of TYMV
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RNA by E. coli ValRS has also been reported (75) to be in-
hibited by KCl1 (40 mM), although its aminoacylation by plant
ValRS is not inhibited at the same salt concentration.

The aminoacylation of TYMV RNA and TMV RNA in the ab-
sence of nucleoside modification is consistent with the find-

ing that E. coli tRNA‘l’al

in which nearly all the uridine and
modified uridine residues have been substituted (in vivo) by
the uridine analogue 5-fluorouridine is aminoacylated nor-

mally in vitro and has approximately the same Km for E. coli

Val

ValRS as normal tRNA'Z (169), results which imply that the

modified nucleosides that are uridine derivatives (such as
T, ¥, D, etc.), at least, are not essential for tRNAVal
aminoacylation by E. coli ValRS.

Fluorouridine-substituted E. coli tRNAYal also appears
to function normally in in vitro protein synthesis (170).
In the case of TYMV RNA, on the other hand, it is not clear
whether the 3'-end region can function in in vitro protein
synthesis without nucleoside modification. Haenni, et al.
(71) , found that TYMV valyl-RNA could donate valine to poly-
peptides in an E. coli cell-free protein synthesis system

only after a 10-15 min lag time (valyl—tRNAVal

exhibited no
lag). This result was later confirmed (70), and it was
shown further that "RNase P"-treated TYMV valyl-RNA demon-
strated an identical lag period prior to wvaline transfer.

It must therefore be suspected that simple nucleolytic "pro-

cessing" may not be the rate limiting step required for
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ribosomal recognition of TYMV RNA, i.e., that nucleoside
modification may also be involved. Alternatively, it is
possible that TYMV valyl-RNA may not, in this system, donate
valine to polypeptides at all, but may rather only transfer

its valine moiety to endogenous tRNAval

by an enzymatically
mediated transacylation reaction. The insensitivity of va-
line transfer by TYMV valyl-RNA to the valine aminoacylation
inhibitor, valinol-AMP, has been used to argue that free
valine cannot be an intermediate in the transfer of valine
from TYMV valyl RNA to polypeptides (71). However, an enzy-
matically mediated transacylation that does not involve free
valine cannot be excluded; if this reaction were rate-
limiting, it could account for the observed lag time. Clear-
ly, the function of TYMV RNA, or of the TYMV RNA 3'-terminal
fragment, in protein synthesis requires furter investigation.
An interesting finding of our sequencing work is that
the TYMV RNA 3'-fragment contains no G-U-U-C-purine sequence,
as can be seen in Table V. This sequence feature has here-
tofore been found to be present in loop IV of all tRNAs
active in polypeptide chain elongation (3), as indicated in
Fig. 1. It may also be present, in unmodified form, in the

3'-terminal region of TMV RNA (95); TMV RNA can, in fact,

act as substrate for the ribothymidine methylase of E. coli

(78) . The 3'-terminal sequence of the RNA of the Tymovirus,
EMV, on the other hand, is lacking in this sequence (97).

Because of the implication of this sequence feature in tRNA
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interaction with ribosomes, via Watson-Crick base-pairing
with a complementary sequence in 5S RNA (vide ante; ref. 161),
it would be particularly important, in view of our findings,
to re-examine the function of TYMV valyl-RNA in in vitro
protein synthesis.

The use of nuclease Pl on 3'-end labeled intact TYMV
RNA and on the 5'-end labeled TYMV RNA 3'-fragment has enabled
us to derive the sequence of longer stretches of nucleotides
at the 3'- and 5'-ends of the TYMV RNA fragment. Based on
these sequences, it is possible to examine whether the TYMV
RNA fragment contains regions of complementarity between its
3'- and 5'-ends, as would be expected of a tRNA. Fig. 38
illustrates an example of a possible base-pairing scheme
between the 3'- and 5'-ends of the fragment. Based on the
thermodynamic considerations for RNA secondary structural
stability of Tinoco et al. (171), the single looped-out nuc-
leotide indicated in the figure is an acceptable perturbation
in an 8-nucleotide long Watson-Crick base-paired helical re-
gion.

The nucleotide sequence at the 5'-end of the TYMV RNA
fragment also suggests that this part of the fragment in-
cludes the end of the TYMV coat protein gene. From the data
presented above, we have proposed that the sequence at the

5'-end of the fragment is ...U-U-C-C-A-C-C-U-A-A-G-U-U... in

which UAA, a potential Ochre termination codon, is preceded

by ACC, a threonine codon, and UCC, a serine codon. The
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Figure 38. Possible base-pairing between the 3'- and 5'-

end sequences of the TYMV RNA 3'-fragment.
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reported primary amino acid sequence of the TYMV coat protein
does, in fact, end in Ser-Thr at its carboxy terminus (172).
It is therefore possible that the region of TYMV RNA which
has tRNA-like properties follows immediately after the ter-
mination codon of the coat protein gene. Strong support for
this hypothesis is provided by the independent sequencing

work of L. Hirth and collaborators (1l04; vide infra).

B. Complete Nucleotide Sequence of the 3'-Terminal

Region of TYMV RNA

During the course of our investigation of the primary
nucleotide sequence of the TYMV RNA fragment, we were ap-
prised of similar work in progress in the laboratory of
L. Hirth at the University of Strasbourg, France. We have
since compared our respective results and found them to be
in substantial agreement (104). Working with RNA labeled
uniformly in vivo with [32P], Hirth and collaborators have
fingerprinted many overlapping 3'-end-specific RNA fragments
generated by mild partial digestions of intact TYMV RNA with
Tl RNase or pancreatic RNase; they were able to sequence most,
but not all, of the oligonucleotides derived from complete
Tl RNase or pancreatic RNase digestion of these fragments.
Based on our own results, which include the total sequence of
all the oligonucleotides present in complete Tl RNase and
pancreatic RNase digests of the TYMV RNA fragment we have

isolated, and based on the overlaps present among large RNA

fragments according to the recently revised data of Hirth
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and collaborators (104; L. Hirth, personal communication),
we may propose a tentative primary sequence for the 3'-115
nucleotides of TYMV RNA (Fig. 39). It should be noted that
the two pancreatic RNAse-generated oligonucleotides present
in lowest yield in our fingerprints, A8 and Al3 (Table V),
are not included in this sequence, as they were not present in
any of the fragments analyzed by Hirth and collaborators. This is
an unfortunate residual ambiguity in the proposed sequence.

One possible secondary structure for the 3'-end of TYMV
RNA, derived from the proposed sequence, is that shown in
Fig. 39. In formulating this structural model, consideration
was given to the guidelines for stability of RNA secondary struc-
tures suggested by Tinoco, et al. (171). The only structural
element in Fig. 39 not consistent with those rules is stem b
(see Fig. 1 for nomenclature). However, such stems may be
stabilized by tertiary interactions in the folded molecule
and do occur in known tRNA sequences; the similar seguences
in stem b of yeast tRNAily and yeast tRNA?SP (11) may be
cited as examples.

It is interesting to note that the structure shown in
Fig. 39 has many tRNA-like features, although it clearly
does not quite fit into a classical cloverleaf pattern (Fig.
1). 1In the first place, the structure contains the valine
anticodon sequence C-A-C (which would read the valine codon
GUG) in a plausible 7-membered loop II. This is not incon-

sistent with the results of Haenni et al. on TYMV valyl-RNA
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Figure 39. tRNA-like "cloverleaf" conformation for the 3'-
115 nucleotides of TYMV RNA. Arrow indicates most frequent
site of cleavage by "RNase P". Possible codon and anticodon

sequences are also designated. Further discussion in text.
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interaction with ribosome-bound RNA copolymers (71), al-
though they favored the codon recognition assignment GUC
over GUG. Their results, however, may have been complicated
by transacylation of valine, as discussed above. It is also
worth noting that the two nucleotides succeeding the anti-
codon C-A-C in the 5'—» 3' direction are A-C; this is iden-
tical with the sequence of both E. coli and yeast tRNAval
(L1). This region of loop II has been implicated as crucial
to tRNAVal recognition by E. coli valyl-tRNA synthetase (173).
It is also interesting that stem e in Fig. 39 resembles the

stem e sequence of yeast tRNAVal

from that of E. coli tRNAVal

(11), although it differs
(11). The C-C-A 3'-end of the
structure shown in Fig. 39 is preceded by an A, which is
consistent with the "Discriminator" hypothesis of tRNA rec-
ognition by aminoacyl-tRNA synthetase (174).

The primary sequence we have proposed, and the secondary
structure we have derived from it (Fig. 39), must be consid-
ered only tentative. Nevertheless, they do point out some
potentially interesting features of the 3'-end of TYMV RNA,
and suggest experimental approaches that might usefully be
applied to further analysis of the RNA's tRNA-like aspects.
For example, there are several unusual features in the
structure shown in Fig. 39. Especially disturbing is the
very smail loop IV structure (cf. Fig. 1l). The possibility
must be considered that loop III of Fig. 39 actually corre-

sponds to the usual tRNA loop IV (Fig. 1), and the sequence
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G-U-G-C-A therefore corresponds to the tRNA loop IV sequence
G-U-U-C-purine. The first (5'—>3') U of loop III in Fig.
39 may then possibly interact with the fifth A of this loop,

corresponding to the tertiary structural interaction between

Phe

T and A (Fig. 1) reported for yeast tRNA (3,175).

54 58
Another tertiary structural interaction reported for the

T-¥Y-C loop IV sequence of yeast tRNAPhe is the interaction

of ¥-C with the invariant G of loop I (7,175); if loop

187619
ITI of Fig. 39, lacking a U-U-C sequence, corresponds to the
usual loop IV of tRNA, then it is perhaps not surprising

that the constant G-G sequence of loop I is also missing.

It is interesting that the sequence of the TYMV RNA 3'-
fragment loop III (Fig. 39) is idential to the loop IV se-
guence of several Staphylococcal species' cell wall bio-

Gly (11), and is similar to the loop IV sequence

;i 8
Gly
reported for wheat germ tRNAlB

Gly
1B

be methylated by the ribothymidine methylase of E. coli (176).

synthesis tRNA
, U-G-C-G-m'A-U-U (176). 1In
the case of wheat germ tRNA , the first U of loop IV can
This suggests that the problem of whether it is loop III or
loop IV of the structure of Fig. 39 which actually corresponds
functionally to loop IV of tRNA might be investigated by
using tRNA modifying enzymes as a probe. It has been shown,
for example, that TMV RNA can serve as a substrate for E.

coli ribothymidine methylase and then yields, upon T, RNase

digestion, a methylated tetranucleotide which co-chromato-

graphs with T-¥-C-G (78). An analogous experiment could be
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performed with TYMV RNA. It might also be of interest to
examine the possible action of mlA methylase (see position
58, Fig. 1) on TYMV RNA.

Our proposed structure for the 3'-end region of TYMV
RNA (Fig. 39) also raises the obvious and intriguing question
of how this structure is recognized by and interacts with
ValRS. One approach that has proved useful in studying the
nature of tRNA interaction with aminoacyl-tRNA synthetase 1is
crosslinking of bound tRNA with the synthetase protein by UV
irradiation (177-179). Budzik et al. (178) and Shoemaker
et al. (179) have reported on regions of several tRNAs that
can be crosslinked to yeast and to E. coli ValRS. Although
it is tempting to try to relate their data to ValRS recogni-
tion of TYMV RNA, no simple comparisons are possible. The
UV crosslinking reaction depends on the proximity of pyrimi-
dine residues in the RNA to cysteine, tyrosine or serine resi-
dues in the protein (180), a situation which may not pertain
at every site of close interaction; and, in any case, the
crosslinking reaction is a measure of close apposition of
enzyme and bound substrate, rather than of recognition per se.
Despite these reservations, however, it might be quite inter-
esting to examine experimentally the regions of the TYMV RNA
fragment that might crosslink to ValRS upon exposure to UV
irradiation and to compare this with the crosslinking pattern

of tRNAVAL,
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C. Function of the tRNA - like End of TYMV RNA

At this time, there is no definitive evidence on the
function of the tRNA-like 3'-end of plant viral RNAs. How-
ever; the nature of analogous end structures in several phage
RNAs and our limited knowledge of plant viral physiology pro-
vide ample food for speculation on this point.

Small, plus-stranded RNA viruses of bacteria, plants
and animals must use the same RNA genome both as template for
replicative RNA polymerases and as messenger for ribosomal
protein synthesis. Their RNA genomes may, therefore, be
expected to have primary, secondary and tertiary structural
"signal" elements for each of these purposes. This is a use-
ful context in which to consider the tRNA-like 3'-structure
of plant viral RNAs.

Among small RNA viruses, the physiological processes of
the small RNA bacteriophages are so far the best understood.
The RNA phages are classified into four or five serological
groups (181,182); the most familiar are the group I phages,
including MS2, f2 and R17, and the group III phages, in-
cluding QB. Considerable primary nucleotide sequence infor-
mation is available for the RNAs of each of the aforementioned
phages (11); it may be noted in particular that they all share

the 3'-terminal tetranucleotide sequence C-C-C-A remini-

OH'

scent of the 3' C—C-AOH end of tRNA. The replicative cycle

of these phages, including the structure and temporal appear-

ance of replicative intermediate double-stranded RNA species,
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has been analyzed in some detail (183,184). Replication has
also been analyzed in vitro. It was early shown that MS2
RNA replicase (185) and QB RNA replicase (186) are highly
specific for replication of their homologous template RNAs.
In addition, the purification of the RNA replicases of QB
(187) and f£2 (188) has proven to be of great value in study-
ing the mechanism and regulation of phage RNA replication.

Highly purified QB RNA replicase is a tetrametic protein
consisting of one virus-specific polypeptide and three host
polypeptides (189,190). The host polypeptides have been iden-
tified as the protein synthesis transfer factors, Tu and Ts
(191), and the ribosomal protein Sl (192). The three host
factors have been shown not be be required for the basic RNA
chain elongation region (193,277,278); the phage subunit must
therefore be the "polymerase"”, while the host proteins may be re-
guired,with natural RNA substrates, for template recognition
and/or chain initiation (193,278). The purified QR replicase
retains a high template specificity; it works well with QB RNA
minus strand, but requires 1 (194,279) or 2 (195) additional
.host factors for replication of the plus (virion) strand. An
additional function of the QB replicase is to regulate trans-
lation of the phage genome (196,197) and its binding sites at
internal positions on the phage RNA have been examined by
various means (198-200).

Because two of the host factors that form part of the
QB replicase complex are Tu and Ts, proteins that normally

interact with and recognize tRNA, an attractive hypothesis
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regarding the replicase substrate recognition process is
that the phage RNA contains regions of "tRNA-like" structure.
This would be consistent with the tentative identification
of internal sequences in the phage RNA that are recognized
by tRNA nucleotidyl transferase (89) and would ascribe a
function to the 3' C-C-A sequence. Furthermore, this hypo-
thesis would be consistent with the finding that crude prep-
arations of both MS2 and QB replicases have some activity
with TYMV RNA (185,186), which our work has confirmed to
have a tRNA-like 3'-end. It should be noted, however, that
this hypothesis presupposes the recognition specificity con-
ferred on the QB core tetrameric replicase by host factor (s)
Fl @ndFé) (194,195). The highly purified tetrameric repli-
case, though it contains Tu and Ts, is not competent to
recognize the plus strand 3'-end and can function only with
QB minus strand (195); in fact, despite its capacity for
discriminating between QB minus strand and other naturally
occurring RNAs, QB core replicase accepts poly(C) and other
C-containing random copolymers (201), as well as a variety
of so-called "6S" RNAs (202), and also has the capacity to
synthesize RNA in the absence of any added template (203).
A tentative model for the minimal template recognition
specificity of QB core tetrameric replicase has been pro-
posed (204).

Based on the above discussion, it is apparent that a

functional analogy for the nature of RNA structural recogni-
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tion in the process of initiation of replication may be pos-
sible between the plant RNA viruses and the RNA bacterio-
phages. The plant replicases, too, may consist of a viral
coded polymerase subunit that interacts with host factors
which confer recognition specificity. However, more speci-
fic structural analogies between the replicases or substrate
RNAs in question should be examined with caution. As dis-
cussed, one could argue that QB core replicase, in the pre-
sence of host factor(s) Fl (and Fz), recognizés some general
elements of tertiary structure surrounding a C-C-A 3'-end.
Although this may resemble recognition of some generalized
tRNA features, an equally plausible argument could be made
that the 3'-end of QB RNA also contains rRNA-like features

recognized by the S, subunit of QB replicase (205). In any

1
case, the 3'-end structures of the plant viral RNAs are far
more than generalized "tRNA-like" elements, as each one has
been shown definitively to accept only one specific amino
acid. Such a high degree of specificity surely implies that
the structures have evolved to interact with host proteins
that recognize specific tRNAs -- most likely, these are the
synthetase enzymes themselves, as they are available in
abundance. It is therefore surprising that such reasoning
has not been applied in attempts to isolate plant viral RNA
replicase activities.

Mast eukaryotic viral RNA replicase enzymes that have

been studied appear to be bound to cytoplasmic membranes in
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association with viral RNA template (206-217). In no case
have enzymes of this class been purified to homogeneity,
although there is evidence that the active enzyme of polio
and other picornaviruses may be represented by a virus-coded
polypeptide of 58,000 daltons molecular weight (218), pos-
sibly in association with 2 to 4 host proteins (209). This
situation may be analogous to that of the bacteriophage RNA
replicases. Among plant virus RNA replicases, solubiliza-
tion and removal of endogenous RNA has been achieved for the
enzymes (for nomenclature, see Abbreviations) of TMV (211-213),
BMV (214), CMV (215), TYMV (216) and TNV (217); a new poly-
peptide of 35,000 dalton molecular weigh has been found in
extracts containing BMV replicase activity (219). More ex-
tensive purification of plant viral replicases has been
hampered, in all of these cases, by the lability of the
enzymes.

In general, the partially purified plant viral repli-
cases have exhibited only a partial preference for homologous
template (211,212, 214-217), although one report did claim
an increased specificity of TMV replicase observed upon aging
of the enzyme solution during storage (213). In no case,
unfortunately, has it been attempted to study the fate of
host cognate aminoacyl-tRNA synthetase during the viral life
cycle, or to add purified synthetase to an in vitro replica-
tion reaction; neither has the presence of synthetase been

assayed for in the partially purified replicase preparations.
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Though the suggested mode of replication initiation, via
template 3'-end recognition by cognate aminoacyl-tRNA syn-
thetase, remains an attractive hypothesis, therefore, there
is as yet no corroborative evidence to substantiate it.
Another possible role for the tRNA-like 3'-end in viral
development might involve enhancement of the competitive
advantage of viral messenger in the utilization of the host
protein synthetic apparatus. It is now well-established
that in various multicomponent plant RNA viruses, the small
encapsidated viral RNA component carries the coat protein
cistron (220-225). In general, the respective coat protein
messengers can compete out the other homologous viral mes-
senger in cell-free protein synthesis reactions (221-225).
It is interesting that in the case of BMV it has been shown
that the smallest RNA component, component IV, arises from
one of the larger RNA components, component III (226), al-
though the coat cistron is not efficiently translated from
component III RNA in vitro (222); component IV RNA is con-
sequently not strictly required for infection (226), as it
may be generated again in vivo. A possible function of com-
ponent IV RNA is to serve as an efficient coat protein
messenger late in infection. Related regulatory mechanisms
may also occur in animal viruses, as in both Sindbis (227)
and Semliki Forest (228) wvirus-infected cells, smaller RNAs
with the same polarity as the encapsidated RNA have been

found which, unlike the parent molecules, efficiently direct
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the synthesis of the corresponding viral structural proteins
in vitro (the initial translation product may be a single
precursor polyprotein (227,228)). Recently, a similar phe-
nomenon has also been observed in TMV-infected cells; a 750
nucleotide long coat protein messenger RNA has been isolated
that corresponds, essentially, to the 3'-end of the viral
RNA (229). Others have studied the cowpea strain of TMV and
found a similar short coat protein messenger to be encapsi-
dated into small viral particles (230-232). One of these
studies also reported the isolation of an intermediate
length TMV particle carrying an intermediate length RNA and
alluded to the possibility that each of the three isolated
RNAs, long, intermediate and short, acted as a monocistronic
messenger for its 5'-proximal cistron (232).

A property associated with both the BMV RNA component
IV (222) and the TMV short RNA (231) is the ability to sup-
press the translation of the other homologous viral messen-
gers in vitro. Although it is possible, in these cases, that
the proximity of the tRNA-like structure to the respective
ribosome binding sites (i.e., as compared to more distant
cistrons) contributes to this competitive advantage, there
is no evidence, as yet, to support this. Furthermore, as
all the TMV messengers necessarily have the same 3'-tRNA
structure (albeit at different distances from the respective
coding regions), and the BMV 3'-tRNAs are also all very simi-

lar (233), the tRNA structure seems an unlikely candidate for
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a factor that mediates differences between the homologous
messengers. Rather, the competitive advantage of BMV RNA
IV, at least, may be due to its particular ribosome binding
site (234), the sequence of which (235) is significantly
complementary (6 possible Watson-Crick base-pairs) to the
3'-end sequence of ribosomal 185 RNA (236). Nevertheless,
the 3'-tRNA structure may be involved in somehow mediating
a competitive advantage of viral RNA over endogenous host
mRNA; this could involve either suppression of host mRNA
translation, enhancement of viral RNA translation, or both.
At this time, one can only suggest that more experimenta-

tion in this direction may be warranted.

D. Cleavage of TYMV RNA by E. coli RNase P

Our results indicate several characteristics wherein
the 4.5S TYMV RNA fragment we have prepared does not re-
semble other products that have been reported to result from
the in vitro action of RNase P. In the first place, the
TYMV RNA fragment contains a free 5'-hydroxyl end. The re-
ported phosphodiester bond cleavage mode of RNase P, however,
whether acting on tRNA precursors (79,237,238), E. coli 4.5S
RNA precursor (239), or phage g80 RNA M3 (239), is to leave
a 5'-phosphate group. As most published observations of
this sort have used RNase P no further purified than the en-
zyme used in our work (i.e., through the DEAE-Sephadex chro-
matography step of Robertson et al. (79)), we also have no

cause to suspect that our enzyme preparations were singularly
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contaminated with phosphomonoesterase activity so as to
quantitatively dephosphorylate an initial RNase P cleavage
product. A second anomaly in the structure of the TYMV RNA
fragment is the heterogeneity in the 5'-nucleotide of materi-
al recovered by gel electrophoresis after in vitro phospho-
rylation with [32P]. This heterogeneity likely reflects an
ambiguity in cleavage site specificity of the nuclease (s)
responsible for generating this fragment; such ambiguity is
highly uncharacteristic of RNase P (239).

Examination of our proposed base-pairing scheme for the
5'- and 3'-terminal sequences of the TYMV RNA fragment (Figs.
38,39) reveals the 5'-end, i.e., the cleavage site, to be in
what appears as an extended single-stranded region. Although
it could be argued that some or all of this region is nor-
mally base-paired with sequences further upstream in the
viral RNA, analysis of the sequence of at least another 44
preceding nucleotides (104) does not validate this specula-
tion. Bothwell et al. (239) have examined several varieties
of RNase P substrates and have proposed two substrate speci-
ficities for the enzyme. One involves tRNA recognition and
results in cleavage to produce a correct tRNA acceptor stem,
while the other involves recognition of the junction between
a double-stranded and single-stranded region and results
in cleavage at the end of the double-stranded region. Our
inferred cleavage site on TYMV RNA (Fig. 39), both in loca-

tion and in microheterogeneity, fits neither of these models.
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Furthermore, our data (Fig. 27) indicate that even the approx-
imate locus of cleavage can vary considerably in different
fragment preparations.

It therefore appears likely that the TYMV RNA 3-fragment is
generated by enzyme (s) other than RNase P. The enzyme acti-
vity involved may be that endonucleolytic activity (or mixture
of activities) that acts on the spacer sequences between the
tRNAs of multimeric tRNA precursors, and has been designated
RNase P, (240,241). This enzyme may partially co-purify with
RNase P through DEAE-Sephadex chromatography (241l) and can
cleave a ...CpA... phosphodiester bond in the single-stranded
leader region of the E. coli tRNA']I_'yr

ever, it has been reported to leave a 5'-phosphate rather

precursor (240). How-

than a 5'-hydroxyl group (240), and, as mentioned, we have
no reason to suspect significant phosphomonoesterase contami-
nation of our RNase P preparations.

Under various conditions of chemically catalyzed degra-
dation of RNA, it has been shown that the ...CpA... phospho-
diester bond is generally the most sensitive to hydrolysis
(242). This has also been found to be the bond most sensi-
tive to the action of pancreatic RNase (243). 1In our own
laboratory, we have found the ...CpA... sequence to be by
far the most favored cleavage site of an endonucleolytic ac-
tivity contaminating commercial snake venom phosphodiesterase
(J. Heckman, B. Baumstark and M. Silberklang, unpublished ob-

servations). More particularly, we have found that almost



218

any RNA substrate treated sequentially with bacterial alka-
line phosphatase and polynucleotide kinase will yield, upon
5'-end group analysis, over 50% A (M. Silberklang and R.
Lockard, unpublished observations)l. We believe this to be
due to the substrate preference of a trace endonucleolytic
activity contaminating one or both of these two enzyme prepa-
rations. Because our RNase P preparations are only partially
purified, it is suggested that the same or a similar contami-
nating E. coli endonucleolytic activity may be responsible
for the observed cleavage preference with TYMV RNA. Such a
contaminating activity would be expected to be present in
very low, variable amounts; this might explain the very low
and variable yield of 4.5S fragment and the general degrada-
tion of TYMV RNA reported by our collaborators in Paris
(Methods, Table I). This explanation is also consistent
with the reported generation of a 4.5S RNA fragment from TYMV
RNA by the action of the endonuclease activity contaminating
commercial snake venom phosphodiesterase (152). An alterna-
tive possibility is that, since all our analyses use poly-
nucleotide kinase, a final artifactual cleavage, due to a
contaminating endonuclease, occurs only at the kinase reac-
tion step. However, our accumulated experience, over many
years, with the in vitro phosphorylation of intact or base-

specific-RNase-digested tRNA and intact globin messenger RNA

lIn order to remove the [32P]-labeled products of phosphory-
lation at cryptic nicks, we routinely repurify, under de-
naturing conditions, all polynucleotide substrates phospho-
rylated in vitro (vide ante, Methods).
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leads us to discount this possibility as unlikely; further-
more, our data on the 5'-end of the intact TYMV RNA 3'-
fragment is entirely corroborated by the nature and molar
ratio of oligonucleotides present in T, RNase and pancreatic
RNase fingerprints of the fragment.

The above critique pertains only to the possible
cleavage of TYMV RNA by the tRNA maturation enzyme (s) of
E. coli. It is not possible, at this time, to assess the

l—like

possible "processing" of TYMV RNA to yield a tRNAVa
RNA fragment in vivo in a eukaryotic host cell. The appear-
ance of a new valine-accepting tRNA species in TYMV-infected
Chinese cabbage leaves has, in fact, been reported (244),

but this observation has apparently not been pursued further

(A. Prochiantz, personal communication).

II. Sequencing Strategies with Non-Radioactive RNA

In the course of our work on the primary nucleotide se-

guence of the TYMV RNA 3'-fragment, and of Euglena gracilis

chloroplast tRNAPhe, considerable progress has been made in

the elaboration of methods of RNA sequence analysis by in

32P]—end-group—labeling techniques. We originally

vitro [
set out to devise sequencing strategies that were efficient
of both sample and time and that were accurate and reprodu-
cible in terms of sequence information; all of these criteria

have been met. At their current level of sophistication, the

methods developed provide a very sensitive and efficient
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approach to the sequence analysis of RNA substrates that
cannot be radiolabeled to high specific activity in vivo.

Many RNA species that are difficult to label with [32P]
in vivo can also be obtained only in small quantities; this
has been true, for example, for eukaryotic organellar tRNAs
and for eukaryotic messenger RNA . Small quantities of non-
radioactive RNA can be sequenced only by in vitro amplifica-
tion of its detectability, which may be achieved through the
use of radionuclides at high specific activity. Radioactive
label may either be incorporated into enzymatically copied
complementary polynucleotide strands or may be incorporated
directly into the original RNA substrate.

Although considerable sophistication has recently been
introduced into enzymatic copying procedures to make them
suitable for RNA sequencing, these methods remain of limited
utility. Both E. coli DNA polymerase I and AMV reverse tran-
scriptase have been used successfully in the presence of o-
[32P]—labeled nucleoside triphosphates to copy RNA substrates
into [32P]-labeled complementary DNA strands that can then be
sequenced (245-248). Alternatively, the DNA copy can itself be
copied, in turn, by RNA polymerase, to make radioactive RNA
of the same polarity as the original substrate (249-251).

In all these cases, however, the complementary DNA can only

be made by elongation of a primer oligonucleotide,necessitat-

ing some prior knowledge of the RNA sequencel. Furthermore,

lFor most eukaryotic messenger RNA, this problem is simpli-
fied, as one can use an oligo(dT) primer, complementary to
the messenger 3'-poly (A) sequence.
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the DNA copy, though faithful in sequence, rarely, if ever,
extends to the 5'-extremity of the substrate RNA (252). One

enzymatic RNA copying reaction which is capable of de novo

initiation and therefore possibly not subject to the primer
drawback, is the reaction of QB8 replicase with heterologous
RNA substrates in the presence of Mntt (253); however, the
precise sites of initiation and termination of this reaction
have not yet been determined. At this time, the most general
methods for sequence analysis of non-radioactive RNA are
those that rely on radioactive post-labeling of the original
RNA substrate.

Two approaches are possible to the in vitro post-labeling
of non-radioactive nucleic acid; the radiocactive label may
be introduced either into the base moieties at essentially
all positions in the polynucleotide chain, or the label may
be introduced into the ribose or deoxyribose moieties at the
5' and/or 3' external positions on the chain. Exmaples of
pyrimidine and purine base labeling include the iodination

125I] (254) , the exchange

of cytosine in nucleic acids with [
of the C-8 hydrogen of purine residues with [3H]H20 (255),

and the additional exchange of the C-5 hydrogen of cytosine
and uracil with [3H]H20 catalyzed by bisulfite (256). Uni-

125I], has

form, base-specific labeling, especially with [
been used for RNA fingerprinting (257); however, it has not
yet proven possible to devise a sequencing scheme with such

techniques. Several end-group labeling procedures, on the

other hand, have been successfully adapted to RNA sequencing.
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These include [3H]—labeling of periodate-oxidized 3'-end
groups with [3H]—isoniazid (258) or [3H]—borohydride (259,

2608, [P°

P]-labeling of oligonucleotide 3'-end groups with
polynucleotide phosphorylase (261), and [32P]-labeling of
5'-end groups with polynucleotide kinase (100,101,262); our
methods fall into this last category. Both in the determi-
nation of nucleotide composition and in the determination of
nucleotide sequence, [32P]-end-group labeling methods com-
pare favorably with methods that use {3H]-end-group label-
ing.

Because of our laboratory's continuing interest in tRNA,
we were at first particularly concerned with developing a
sensitive means of analysis for modified nucleoside content.
Analytical methods relying on UV detection to identify nuc-
leosides or nucleotides (263-267) generally require from 1

to 3 A units (50-150 pg) of tRNA to assure detection of

260
minor (1%) components. The periodate-borohydride [3H]-
post-labeling method of Randerath (268,269) 1is nearly 2
orders of magnitude more sensitive, requiring, in its most

miniaturized form (269), only 0.02-0.04 A units (1-2 ug)

260
of tRNA. This procedure does have a major drawback, however,
in that certain modified bases are unstable to the chemical
labeling reactions, while 2'-O-methylated ribonucleosides
are not subject to periodate oxidation and therefore cannot

be [3H]—labeled with borotritide. The [32P]—labeling pro-

cedure we have developed for modified nucleoside composition
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analysis is applicable to 0.0025-0.01 A units (0.125-0.5 ug)

260
of tRNA, and is thus even more sensitive than the periodate-
borotritide method. With the addition of the final nuclease
Pl step, which converts mononucleoside 3'-,5'-diphosphates
to the 5'-monophosphate form (see Results), the nucleotide
resolution provided by two-dimensional TLC has proved ade-
quate to identify all modified nucleotides examined thus far
(Results); in addition, O-methylated nucleotides can be iden-
tified unambiguously (see Results). The flexibility of our
two-dimensional TLC analysis as to choice of first dimension
solvent system (see Results) also allows confirmation of all
nucleotide identifications in several solvent systems. The
only major drawback of our procedure is its reliance on
enzymatic phosphorylation; our results indicate that poly-
nucleotide kinase exhibits considerable substrate preferences.
Although further experiments to improve the extent of enzy-
matic phosphorylation of modified nucleotides are still in
progress, it is possible that our analytical procedure will
remain only semiquantitative. For critical analyses, there-
fore, our procedure and the periodate-borotritide procedure
may be considered complimentary. Using both procedures,
identification of any modified nucleoside in an RNA molecule
should be possible, particularly if a UV reference compound
is available for corroboration of chromatographic mobility.
As is the case for nucleotide composition analysis, the

methods we have described for nucleotide sequence analysis
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32P]-end-group—labeling appear to be more sensitive than

by [
analogous methods that use [3H] post-labeling (259,260).

Using the borotritide procedure, Randerath et al. (270),have
succeeded in characterizing the oligonucleotides derived

from complete Tl RNase or pancreatic RNase digestions of 3 Ajgg
units (60 Hg) of tRNA. We have done similar analyses with

as little as 0.01 A units (0.5 pg) of the TYMV RNA frag-

260
ment. More recently, Randerath and colleagues (271) have
presented a preliminary description of procedures incorpor-
ating both [3H] and [32H*post—labeling methodologies to
achieve similar analytical sensitivity. However, a persis-
tent drawback of their sequencing methods is the laborious
chromatographic procedures on which sequence identifications
are based. One the other hand, our use of two-dimensional
homochromatography for analysis of partial nuclease digests
of [32P]-end-group-labeled oligonucleotides has proven to
be a relatively simple and efficient means of sequence
analysis. In addition, combining the use of nuclease Pl and
snake venom phosphodiesterase to prepare partial digests of
oligonucleotides has provided a general means of sequencing
end group labeled oligonucleotides containing modified bases
(see Results).

The application of endonuclease digestion with nuclease
P, to [32P]—end-group—1abeled RNA of high molecular weight

has also proven a very versatile addition to our repertoire

of sequencing strategies. With occasional exceptions (see
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Results), we have found that carefully executed two-dimen-
sional homochromatography of such digests yields patterns
capable of providing relatively unambiguous sequence infor-
mation. Sequences of over 20 nucleotides can often be "read"
from a single two-dimensional homochromatogram. Our data
also show that even RNAs as large as viral genomes can be
sequenced directly if they can be cleanly end-labeled.
These methods have proven generally useful in many ongoing
RNA sequencing projects in our laboratory. In addition to
the work described in this thesis, these methods have aided
in the completion of the nucleotide sequence analysis of

Met

Neurospora crassa tRNAie (20), as well as in the determina-

tion of the 5'-proximal nucleotide sequences of rabbit a and
B globin messenger RNA (272).

The only comparable strategy for the determination of
end-proximal sequences of non-radioactive high molecular
weight RNA that has been described is that of Hunt (258),
which uses [3H]*isoniazid to label periodate-oxidized 3'-
end groups. This method has been used by Shine and Dalgarno
to determine the sequence of eight nucleotide stretches at
the 3'-ends of prokaryotic 16S ribosomal RNA (273) and eukary-
otic 18S ribosomal RNA (236). However, the isoniazid method
is considerably less sensitive than that which we have de-
scribed and does not yield as much sequence information.
Furthermore, two incorrect sequences have been published that
relied on this method (274,275) raising doubts as to its

accuracy.
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As methods of sequence analysis by in vitro radio-
active post-labeling continue to evolve, newer procedures of
increased sensitivity and efficiency continue to be intro-
duced. At the inception of this project, we purposed to
develop methods of sequence analysis to deal with RNA sub-
strates that are difficult to label with [32P] in vivo. The
use of nuclease Pl as a sequencing tool, however, has also
suggested other applications of end group labeling to RNA
sequence analysis, such as the direct determination of end-
proximal sequences of high molecular weight RNA. At this
point in our progress with this work, we may already predict
that in certain cases, even RNA molecules which can be
radiolabeled in vivo might profitably rather be sequenced by

these means.
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