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SUMMARY 

A method for determining the major and minor base composition of ribo- 
polynucleotides by tritium derivatization is presented, which consists of the following 
steps : 

(a) enzymatic digestion of the ribopolynucleotide to a mixture of nucleosides; 
(b) oxidation of the digest with periodate; 
(c) reduction with tritiated borohydride to labeled nucleoside derivatives; 
(d) two-dimensional thin-layer chromatography on cellulose; 
(e) detection of tritium-labeled derivatives by fluorography: 
(f) liquid scintillation counting. 
The method is extremely sensitive: tritium-labeled digest derived from less 

than 1 pg of polynucleotide is required for evaluation of the base composition. It is 
particularly well suited for assaying the modified bases in transfer RNA. 

Several schemes for sequence analysis by post-labeling of non-radioactive RNA 
on an ultramicro-analytical scale are discussed. 

For sensitive detection of tritium-labeled spots on chromatograms, a fluoro- 
graphic film procedure has been developed. 

TNTRODUCTION 

.The advantages of combining radioactive derivative methods with thin-layer 
chromatography were first demonstrated in the field of lipid analysis by Mangold and 
his associates*. WC shall discuss in this paper the possibilities of utilizing isotope 
(especially tritium) derivative methods for the base composition and s,equence anal- 
ysis of RNA**. 
.-- 

l American Cancer Society Faculty Research Awardcc. 
l * Abbreviations: RNA = ribonucleic acid; tRNA = transfer ribonucleic acid. Abbreviations 

used for nucleosides are as recommended in 1970 by the IUPAC-IUB Commission on Biochemical 
Nomenclature (Rioclritn. Biophys. Ada, 247 (1971) 1, or J. Mol. Biol., 55 (1971) 299). A’, C’, U’, 
G’. mtA’, etc. = nucleosidc trialcohols of adenosinc. cytidinc, uridinc, guanosinc, I-mcthyladenosine, 
etc. PPO = 2.5diphcnyloxazolc. 
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Such methods can be characterized by the following common features: 
(I) it is not required that, prior to analysis, the RNA be radioactively labeled 

it7 YI’VO, e.g., with radioactive phosphate; 
(2) as an initial step, unlabeled RNA is degraded enzymatically, or sometimes 

chemically, to fragments such as oligonucleotides or nucleosides: 
(3) radioactive label is then incorporated into these fragments by chemical 

or enzymatic methods; 
(4) the radioactive derivatives thus formed are separated by chromatograPhy 

and/or electrophoresis; 
(5) the resolved products arc finally assayed by counting.. 
While steps (2) through (5) usually suffice for RNA base composition analysis, 

sequence analysis may require additional steps involving further digestion, isotope 
derivatization and/or separation procedures (see below); 

Present methods for the chemical characterization of RNA can be divided into 
two groups: (a) those in which the final analysis is based largely on the optical proper- 
ties of its constituent nucleotides and (b) those in which the final analysis depends 
mainly on the radioactivity of labeled RNA constituents. in the case of RNA derived 
from mammalian sources, the small amounts of pure material available in most 
instances (less than l-5 ,ug per gram of tissue) preclude the utilization of spectro- 
photometry for analysis, thus calling for analytical methods based on isotope tech- 
niques. 

Extensive use has been made in several laboratories of procedures originally 
developed by Sanger and coworkerszV4, in which uniform biological pre-labeling of 
RNA is achieved by the in vivo incorporation of [32P]orthophosphate. After isola- 
tion, the purified radioactive RNA is degraded to nucleoside monophosphates and 
oligonucleotides, usually by suitable enzymatic methods. Following two-dimensional 
“fingerprinting” by high-voltage electrophoresis or a combination of electrophoresis 
and chromatography, the various compounds are isolated and analyzed further by 
well established procedures. 

This approach has been successfully applied in sequence studies on three out 
of the four RNAs derived from mammalian sources whose primary structure has been 
elucidated thus far5-‘. The fourth RNA, a tRNAscr from rat liver, is the only mam- 
malian RNA whose sequence has been determined8 without the aid of radioactive 
labeling, as in this instance sufficient amounts of starting material were available for 
such studies. In mammalian systems, the biological pre-labeling approach has been 
applied mainly to in vitro situations, i.e., in tisiue culture or cell suspensions. RNA 
of the very high specific activity (of the order of IO9 c.p.m. 32P/mg RNA), which is 
required for structural studies, can be obtained from Novikoff hepatoma cells incu- 
bated in .a relatively concentrated suspension with a phosphate-free medium con- 
taining a large amount of [32P]orthophosphate9. Unfortunately, this approach is 
usually not successful in vivo because the required high specific radioactivity of RNA 
precursors is not readily obtained in the “open” system of the in’tadt animal as com- 
pared with the “closed” in vitro situation. It is, of course, not possible to pre-label 
nucleic acids in human cells biologically for purposes of structural analysis unless 
the cells can be grown in vitro, which is not feasible in a great number of interesting 
situations. For cell lines that grow in culture, DNA transcription into RNA sequences 
may differ from that in the parent cell clone in vivo, so that types of RNA as well 
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as the primary structures of individual RNA species, isolated from cells in virro, are 
not necessarily the same as those in the parent cell population from which the cul- 
ture line had been originally derived. 

To summarize, presently available methods may be inadequate for analyzing 
the structure of RNA species in tissues of higher organisms for three main reasons: 

(I) the amount of isolable material is frequently too small for spectrophoto- 
metric assays; 

(2) biological pre-labeling is not feasible in many situations where the required 
high specific radioactivity cannot be achieved, or where this approach is in principle 
not applicable; 

(3) data on RNA structure derived on the basis of biological labeling of tissue 
culture cells are not necessarily representative of the in vivo situation. 

Considering such limitations of the existing methods, the need is thus clear for 
alternative approaches to the characterization of RNA structure. Jn the following, 
we shall discuss novel methods for ribonucleotide and RNA analysis that have re- 
cently been developed in our laboratory ‘O-14. These methods are characterized by 
three salient features: 

(I) great sensitivity, which is achieved without the requirement of biological 
labeling; 

(2) high resolving power for RNA constituents and derivatives; 
(3) feasibility of accurate and precise quantitative analysis. 
These features can be achieved by a combination of chemical post-labeling of 

non-radioactive RNA derivatives obtained by suitable degradation procedures, and 
high-resolution thin-layer chromatographic or thin-layer electrophoretic techniques. 
As an initial step, an ultramicro-analytical scheme for the base composition analysis 
of RNA and RNA derivatives was developed, which is based on the stoichiomtitric 
incorporation of tritium label into the nucleosides obtained by enzymatic digestion 
of a polynucleotide (see Fig. 1) *l-14. Sensitive base composition analysis is a prereq- 
uisite for further sequence studies. Jn the following, we shall outline the scope of 
this approach and discuss some applications. For the interested reader, literature 
references are quoted in which experimental details and further data can be found. 

BASE COMPOSITION ANALYSIS BY TRITIUM DERIVATIZATION 

Principles 
Consider two compounds, A and B, which react quantitatively with a radio- 

active reagent, R*, to form derivatives: 

A+R*--+A-R’ 
B+R*-+B-R” (1) 

A mixture of A (m moles) and B (n moles) will then react according to 

mA + nB + (tn+n)R* -> mA-R* + nB-R* (2) 

Following separation of A-R* and B-R*, the count-rates of the two derivatives 

c.p.m.&R* m =- 
c.pm R__R. n (3) 
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Fig. 1. Base composition analysis of a ribopolynuclcotide by enzymatic dig&ion and stoichiomclric 
trikium incorporation. 

permit the calculation of the composition of the original mixture in terms of the ratio 
m/n. If there are more than two compounds in the mixture, which are all derivatized 
quantitatively in this way, the result can be expressed in terms of the percentage of 
each component in the original mixture. 

As shown in Fig. 1, this principle can be used for the analysis of the composi- 
tion of a polymer, such as RNA, or possibly protein, provided that the polymer has 
been cleaved to the monomer level prior to isotope dcrivatization. Partition thin- 
layer chromatography on cellulose was found to be an ideal method for separating 
tritium-labeled trialcoholsL1*13*14 obtained from unlabeled RNA by post-labeling ac- 
cording to this scheme. 

Ewymatic digestiort13-14 
For the initial digestion of the RNA to nucleosides, a mixture of three enzymes, 

ribonuclease A, snake venom phosphodiesterase, and Escltcrichia coli alkaline phos- 
phomonoesterase, is used. Incubation is carried out for 6 h at 37”. The presence of 
ribonuclease A results in endonucleolytic cleavage at pyrimidine sites within the RNA 
chain. The obtained nucleoside-3’-phosphates and oligonucleotides are dephos- 
phorylated by the action of phosphomonoesterase to yield pyrimidine nucleosides and 
dephosphorylated oligonucleotides. Further degradation of oligonucleotides from the 
dephosphorylated 3’-terminus is catalyzed by the exonuclcase, snake venom phospho- 
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diesterase. The resulting nucleoside-5’-monophosphates are finally converted into 
nucleosides by enzymatic dephosphorylation. 

It was found to be important to carry out the enzymatic digestion under 
strictly controlled conditions with respect to concentrations, temperature, time, PI-I 
and the buffer used. Under the conditions specified14, complete digestion is obtained 
with a minimum of side-effects such as hydrolysis of alkali-labile nucleosidcs (e.g., 
‘I-methylguanosine). A suitable buffer for the reaction is N,N-bis(Z-hydroxyethyl)- 
glycine (Bicine). It is essential to prepare a fresh solution of this buffer immediately 
before commencing the enzymatic digestion, because storage of solutions of this 
compound at low temperature lends to the formation of aggregates, which may inter- 
ferc with the subsequent labeling reaction (see below). The enzymes, on the other hand, 
can be stored frozen (- 18”) for many months without noticeable deterioration. 
Substitution of other endonucleases, such as ribonuclease T1, for ribonuclease A 
may result in incomplete digestion, for example owing to the formation of oligonu- 
cleotides terminating in cyclic phosphates, which are resistant to attack by phospho- 
monoesterase. It appears, however, to be possible to use ribonuclease Tz at acidic 
pHrs for initial degradation to nucleoside monophosphates and then to complete the 
reaction by adding alkaline phosphomonoesterase after appropriate adjustment of 
the PH. This approach appears to be possible but its usefulness in combination with 
the labeling reaction has not yet been evaluated in detail. 

Periodate oxidation and borotritide reduction14 
Periodate oxidation of ribonucleosides and their 5’-phosphates is quantitative 

at low concentrations of compounds and reagent (Fig. 2). However, nucleotides react 
more slowly than the parent nucleosides (Fig. 2a), and the reaction rate is also in- 
fluenced by the base moiety, purine ribonucleosides reacting faster than pyrimidine 
ri bonucleosides (Fig. 2b). 

In practice, an aliquot of the enzymatic digest is subjected directly to treatment 
with a two-fold molar excess of Na104 without prior removal of enzymes and buffer, 
the total nucleoside concentration being 0.05-o. 1 mM. The reaction is usually carried 
out for 2 h at room temperature in the dark. It is important not to destroy the excess 
of periodate at the end of the oxidation reaction by adding glycol or similar com- 
pounds, because residual periodate removes labeled impurities present in commercial 
borotritide preparations (see below). 

Before reduction with tritium-labeled potassium borohydride (KB3H4), the 
solution is buffered to pH 7-8 by adding a small amount of phosphate buffer14 so as 
to protect alkali-labile compounds. An aliquot of a 0.1 M KB3H4 solution, corre- 
sponding to a IO-fold molar excess of the reagent over nucleoside, is added and the 
reaction is allowed to proceed for 2 h at room temperature in the dark. After residual 
KB3H4 has been destroyed with an excess of acetic acid (converting KBJH4 into tri- 
tium gas and borate), the final residue, after evaporation, is dissolved in 0.1 Nformic 
acid and the radioactivity of the solution is determined by liquid scintillation count- 
ing13vi4. This solution can be stored at -10 to -20” for several weeks, but after pro- 
longed storage self-radiolysis of some of the labeled RNA derivatives occurs. 

The following observations pertain to this reaction sequence: 
(1) The solution at the end of the oxidation reaction should contain NaI04 

at a prospective ratio of NaI04/KB3H4 of approximately 1 :lO because this residual 
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Fig. 2. Change in EIIS “,,, during reaction of adcnosine and ndcnosine-Y-phosphates (a) and various 
ribonucleosidcs (b) with NalO,,. A l-cm path divided cell containing a volume of 1.25 ml in each side 
was used. One side contained the nucleosidc or nucleotidc (0.02 m&f), the other side NaTOd (0.04 
mA4). Ez2, “,,, was measured against a water blank. The zero time value represents the sample ccl1 
in which nucleosidc or nucleotidc and NaL04 were not mixed. After mixing, the extinction was mea- 
sured at the time intervals indicated. 

periodate destroys radioactive impurities frequently present in commercial KBW, 
preparations. Otherwise such impurities may overlap certain nucleoside derivatives 
on two-dimensional thin-layer chromatograms. 

(2) An excess of periodate is also essential for quantitative oxidation of the 
ribose derivatives. Because of the different reaction rates, incomplete oxidation will 
lead to incorrect quantitative results. For the same reason, the RNA or the enzy- 
matic digest should be free of contaminants that are susceptible to periodate oxi- 
dation. Periodate and borotritide consumption by the enzymes and buffers used is 
negligible. 

(3) Commercial NaB3H4 was frequently found to contain large amounts of 
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radioactive impurities, which interfere with the subsequent assays. Small amounts of 
impurities present in commercial KB3W4 of high specific activity (Amersham-Searle 
TRK-293) are usually readily removed by reaction with residual periodate, see point 
(1). 

(4) The choice of suitable buffers is a crucial part of the analytical procedure. 
Buffers may cause several types of artifacts, such as reaction with the reagents used, 
phosphate and base elimination (of particular importance in terminal labeling of 
oligonucleotides, see below), or inhibition of the reduction of nucleoside dialdehydes. 
Too large amounts of salts or buffers may also interfere with subsequent chromato- 
graphic separation. Certain buffers were found to inhibit the complete reduction of 
nucleoside dialdehydes to tritiated trialcohols, thus leading to the formation of tri- 
tiated nucleoside monoaldehydes 13*14. The reduction of dialdehydes of addnosine, 
guanosine and pseudouridine was found to be more easily inhibited in this way 
than that of other nucleoside dialdehydes. At the concentration used14, Bicine does 
not lead to the formation of monoaldehydes if a fresh solution is used each time for 
the digestion of the polynucleotide. As mentioned earlier, Bicine solutions that con- 
tain aggregates owing to prolonged storage tend to inhibit the nucleoside dialdehyde 
reduction. As this applies also to enzymatic digests containing this buffer, the labeling 
reaction has to be carried out soon after digestion. The replacement of Bicine or 
phosphate with other buffers, for example, N-2-hydroxyethylpiperazine-N’-2-ethane- 
sulfonic acid (HEPES) buffer of the same concentration and pH, favors the for- 
mation of nucleoside monoaldehydes. Tris(hydroxymethyl)aminomethane (Tris) 
buffer should also be absent from the reaction mixtures, including the original poly- 
nucleotide solution. (This and other buffers can be easily removed by precipitating 
the RNA with ethanol and washing the precipitate with 80% or absolute ethanol.) 

Partition t/h-layer chromatography of labeled co~npounds’z-14~‘6 
Separations are carried out on cellulose thin layers without fluorescent indi- 

cator (Eastman “Chromagram” sheets). For two-dimensional mapping, the tritium- 
labeled enzymatic digest (usually 1-5 @) is applied to the layer 2S cm from both the 
left-hand and the bottom edges in l-,ul portions with intermediate drying in a stream 
of cool air. No precautions are taken to ensure a defined moisture content of the 
layer as we have observed no influence of this factor on the overall spot pattern re- 
sulting from partition chromatography of nucleosides and nucleosiae derivatives. 
However, the degree of tank saturation with solvent vapor was found to influence the 
separations considerably. Ascending development is started no later than 2-3 min 
after the freshly prepared solvent has been poured into a standard thin-layer chro- 
matography tank (inside dimensions 27 x 25 x 7.5 cm). During chromatography, the 
tank is covered with a plane glass plate whose edges are not ground or sealed with grease. 
The walls of the tank are not lined with filter-paper. The temperature during the run 
should be 22-25”. The solvent is used only once and only one chromatogram is run 
per tank. 

Solvents for the resolution of complex mixtures of nucleoside trialcohols and 
labeled RNA digests are: (A) acetonitrile-ethyl aceeate-n-butanol-isopropanol- 
6 N aqueous ammonia (7:2: 1: I :2.7) and (B) tsrr.-amyl alcohol-methyl ethyl ketone- 
acetonitrile-ethyl acetate-water-formic acid, sp.gr. 1.2 (4:2:1.5:2:1.5:0.18). De- 
velopment in the first dimension is carried out with solvent A to 17 cm from the origin. 
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After drying (see below), the chromatogram is developed in the second dimension 
with solvent B to 5 cm on a Whatman No. I wick attached to the top (the original 
right-hand side) of the sheet with metal staples. After termination of the development 
in the first dimension, the layers are thoroughly dried, first in a stream of cool air 
and then in a stream of warm air (SO-609 for 2-3 min each. The sheets are trimmed 
about 1 cm below the front of the first dimension and l-l.5 cm above the bottom edge. 
After development in the second dimension, the sheets are thoroughly dried as above 
and the paper wicks are removed. Because many nucleoside trialcohols are labile in 
concentrated acids*‘19 it is important to remove most of the formic acid in cool ait 
before drying in warm air. 

Nucleoside trialcohols can also be resolved by partition chromatography on 
silica gel layers (see Fig.. 7 below) or silica gel/Kiesclguhr .layers’3*1G. Additional sol- 
vents for the resolution of these compounds on cellulose thin layers have been re- 
ported in the literaturelO-lJ. 

3H-labeled compounds are rendered visible on such chromatograms by 
fluorography following impregnation of the layer with scintillator (PPO)*8~1g (see 
also Appendix). Fig. 3 depicts such a fluorogram of a model map of DH-labeled nu- 
cleoside trialcohols. The excellent resolution is due mainly to specific effects that re- 
sult from the presence of acetonitrile in the solvents. One-dimensional chromato- 
graphy on cellulose with acetonitrile-water or acetonitrile-aqueous ammonia sol- 
vents (Table I) permits the separation of several trialcohols (e.g., A’, mrG’, hU’, 
and mzZG’), which could not be readily resolved otherwisetJ. This acetonitrile effect 
may be due to a disruption of hydrogen bonds, which are responsible for the high de- 
gree of association of classical partition chromatography solvents, such as alcohol- 
acid (or base)-water mixtures. Simple aqueous acetonitrile systems, however, do not 
afford sufficient resolution of the major nucleoside trialcohols (U’, A’, C’, G’), or of 
certain modified derivatives (Table 1). In order to obtain complete separation of 
complex nucleoside trialcohol mixtures on one chromatogram, alcohols and some 

Fig. 3. Two-dimensional separation of model mixture of nuclcosidc trialcohols (2&i) on cellulose. 
Dcvclopmcnt with solvents A and B (see text). First dinicnsion from bottom to top; second dimension 
from left to right. Detection by fluorography at -80°C (see text). Exposure of film for 3 days. 
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TABLE 1 

RF VALUES OF NUCLEOSlDE TRIALCOHOLS ON CELLULOSE TI-IIN LAYERS IN TWO 
SOLVENTS 
Solvent 1 = acetonitrilc-wntcr (8:2.25); solvent 2 = acctonitrilc-2.5 N ammonia solution (4:i). 

-- 
Nrrcleosidc Rp 
trialcohol - 

Solverrr J Solverrt 2 

C' 
G' 
InJU 

5 J 

kJ? 
l/” 

m’ A’ 
m6A’ 
mpA’ 
i6A’ 
m%’ 
m4C’ 
mfC’ 
mSC’ 
mlG’ 
mzG’ 
mzZG’ 
m’lG’ 
I’ 
m*I’ 
m71’ 
Glycerol 

0.56 
0.37 
0.34 
0.32 
0.73 
0.63 
0.55 
0.38 
0.05 
0.60 
0.71 
0.76’ 
0.13 
0.51 
0.62 
0.38 
0.48 
0.47 
0.58 
0.04 
0.37 
0.58 
0.07 
0.56 

0.33 
0.30 
0.29 
0.16 
0.66 
0.47 
0.46 
0.20 
0.34 
0.52 
- 
- 
0.51 
0.45 
0.56 
0.33 
0.39 
0.30 
0.39 
0.14 
0.20 
0.48 
- 
0.46 

* Frequently elongated; Rr not well rcproduciblc. 

other ingredients have to be present. The effects of the various components were 
found to be largely additive. The two-dimensional combination of solvents A and B 
was derived by taking advantage of such additive solvent effects. The RF values of 
these compounds are also strongly dependent on their respective net charge, as dis- 
cussed elscwherer4. 

Assay oJ’ witiated trialcohols 13-v liquid scintillatiorz counting’38’4 
Following fluorography 13*lg, the compounds are cut from the cellulose sheets, 

transferred to flat-bottomed beakers and extracted (layer side down), usually with l-2 
ml of 2 N aqueous ammonia, for one to several hours at room temperature. After 
transferring 500-,uI aliquots of the eluates to polyethylene liquid scintillation vials, 
assay of the labeled trialcohols is carried out as described elsewhere13**4. 

Because, as shown previously 14, for the four major and most modified consti- 
tuents of RNA the base composition fr (expressed as nanomoles of an individual 
nucleoside divided by nanomoles of total nucleoside in the RNA) is reflected by the 
relative radioactivities of the corresponding labeled derivatives (expressed as the 
count-rate of each individual derivative divided by count-rate of all derivatives), 
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the base composition is calculated according to the equation 

f 
c.p.m.l 

.I= 
,g, c.p.m., 

where IV is the number of radioactive nucleoside derivatives separated and c.p.m.f 
is the count-rate of an individual compound. 

The base composition can be expressed as a percentage of the total according 
to the equation 

.I = f Nc*p*m*’ x 100 (%) 

,X, c.p.m.( 

The base composition of RNAs of known chain-length can be calculated ac- 
cording to the equation 

.l; = Nc.p.mof x chain-length (mole) 

& c.p.m.1 

Applicatiorts 
The novel tritium derivative method for base composition analysis has been 

used recently for analysis of various RNAs, e.g., tRNA from mammalian brain, 
brain tumorsZo, liver, liver tumors (Morris hepatomas)21 and other normal and neo- 
plastic mammalian tissues22, tRNA from avian liver, avian leukemic cells and an 
RNA tumor virusZ3, tRNA and rRNA from Mycopiasrua hotwinis24, various nuclear 
and nucleolar RNAs from Novikoff hepatomn cells25, as well as for 3’.terminal label- 
ing of high-molecular-weight RNA from RNA tumor viruses2”. The method has been 
applied also in investigations relating to evolutionary aspects of tRNA base compo- 
sition2’. Modified and major nucleosides in purified E. co/i tRNAs have been assayed 
by this methodL4. 

Fig. 4 represents a fluorogram of a thin-layer chromatogram obtained from a 
3H-labeled digest of human brain tumor tRNA (c$ also refs. 20 and 28). Comparative 
investigations in our laboratory have shown the base composition of tRNA in tumor 
cells to be similar to but not identical with that of normal control cell tRNA, and the 
base constituency of tRNA of individual tumors, such as different Morris hepato- 
mas, appears to be characteristic for each tumor2*. 

In Table II, data are represented pertaining to the base composition of valine- 
specific tRNA from E. coli K12 (ref. 14). There is close agreement bettiee’n these re- 
sults and base composition values expected from the known sequence of this tRNAZg. 
The low value for NG-methyladenosine (Table II), which is not due to the low re- 
covery of the labeled derivative of this nucleoside, has been discussed elsewhere14. The 
data in Table II demonstrate that the tritium derivative method is a tool for measuring 
the purity of tRNA preparations14. 

In combination with sequential analysis of polyribonucleotides, this method 
appears to be indispensable as a final step required to establish the sequence (CA the 
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Fig, 4. Two-dimensional separation of jH-labeled digest of unfractionated human brain tumor 
(glioblastoma multiformc) tRNA. About 4 /iCi of labeled digest was applied to a cellulose thin layer. 
Development was with solvents A and B (see text). First dimension from bottom to top: second di- 
mension from left to right. Dctcction by fluorography at -80°C (see text). Exposure of film for 4 days. 
For abbreviations of nucleoside trialcohols. set text. B = background, not derived from RNA: 
X = unidentified compound: gly = [t4C]glyccrol: p-D = decomposition product derived from pseu- 
do-uridinc: y = [3H]trialcoliol of N-[9-(,9-D-ribofuranosyl)purin-G-yl carbamoyl] thrconine. 

TABLE IL 

BASE COMPOSITION OF E. co/i Kl2 tRNAr “O’ AS DETERMINED BY CHEMICAL TRI- 
TIUM INCORPORATION 

N~rcleosidc Means of 4 dVerminati0rr.s Expectcd’q 
-~- 

hl 100 Ill 76 s,=,* I/l 76 
(%) 

13.00 9.88 0.26 9 -t- I” 
IS.22 13.84 0.44 14 

C 31.26 23.76 0.31 23 
G 29.66 22.54 0.35 23 
m6A 0.97 0.74 1.91 I 

h”v” 5 1.37 1.53 1.16 1.04 3.01 1.46 I’ 
P I .43 I .09 0.87 1 
m7G”’ I .34 1.02 4.10 1 
V, 1.20 0.91 1.25 1 

_ . - 
* Relative standard deviation, Src, = S.D./mcan x lOO(%). 

** 4-Thiouridine (I molt of which is present per molt of this RNA) is rccovcred mainly as 
[SHIU’. 

l ** The radioactivity of ~W]m7G’ was corrected for 65 % recoveryt”: 
s Uridine-S-oxyacetic acid. 

following section). Its sensitivity, requiring, in a scaled-down versiot?‘, only 1-5 fig 
of polynucleotide for analysis, makes it a promising tool for use in future studies on 
the base constituency of natural ribopolynucleotides, including RIJJAs of possibly 
altered structure occurring in tumor cellsz7. 
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SEQUENCE ANALYSIS OF NON-RADIOACTIVE RNA BY POST-LABELING 

Terminal post-labeling of oligonucleotides, i.e., the incorporation of radio- 
active label into the 3’- or 5’-termini by chemical or enzymatic means, although of 
great potential value in sequence studies 30*31, has not been utilized extensively thus 
far (c$ a recent reviewr7). As methodology in this area has not yet been developed 
to a stage which permits its general application, this section is intended to convey 
general principles rather than to describe specific procedures. As pointed out in the 
introduction, presently available methods for RNA sequence studies, which make use 
of ultraviolet spectrophotometry and/or biological pre-labeling, are inadequate for 
many RNA species in higher organisms. There is a need for alternative procedures, 
which are based on isotope post-labeling of non-radioactive RNA or RNA fragments. 

Figs. 5 and G illustrate schematically two possible approaches to sequencing 
RNA by end-group labeling *‘. A more detailed discussion of these procedures will 
be prescntcd elsewhere *‘. In Figs. 5 and 6, radioactive groups are indicated by aster- 

RNA 

$ 

Endonuclcnse 
Alknline phosphomonoostornsc 

Oligoribonuclcotidcs with cis-glycol 3'-terminus 

Olijioribonucleotides with 3H-labeled "dialcohol"-tcrminua 

$ 

Chromntogrophy 
Electrophoresis 

Individunl oligoribonucleotides with 311-tcrminus of the 
general structure: 

1 2 3 n-2 n-l n* 

Further annlysis by partinl diacstion with 
* cxonuclcnsos attackinK from left-hand 

terminus 

1 2 3 n-2 n-l n* 

t-- P + FPJ-P...... P-J-+P&PN.l 

2 3 

b 
P + 

b 
P.**...p$p>PJ* 

Sepnrntion accordinK to chnin length 

Establishment of sequence by tritium bnsc composition 
analysis of scpnrnted products 

Fig. 5. A scheme for seqilential analysis of RNA by chemical tritium post-labeling. n* reprcscnts the 
3H-lnbclcd 3’4crminus. The bases arc numbcrcd I to n from the left-hand (S’-) to the right-hand 
W-1 terminus. 
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Partial digestion (see Flg.5) 
followed by(&)/32P]ATP and 
polynucleotide kllnase 

2 3 n-2 n-l n+ 

*P&P&P......p&P*P\\J + . . . 

Separation accordltng to chain length 

EstablSshment of-sequence by alkaline or ribonuclease T2 
hydrolysis 

Fig. 6. A schcmc for scqucntial analysis of RNA by a combination of chemical tritium post-lnbcling 
and cnzymntic 3LP post-labeling. n* rcprcscnts the 3H-labclcd 3’-terminus nnd *P the J2P-labclcd 
5’-terminus. 

isks. The procedures illustrated, as well as related proceduresz7, incorporate modifi- 
cations. and refinements of existing methods, for example, enzymatic digestion and 
separation procedures are similar to those used for sequencing of RNA following 
biological Iabe1ing2-“. 

Both procedures (Figs. 5 and 6) comprise an initial degradation of the RNA 
to oligonucleotides caiiying a free cis-glycol 3’-terminus. As a second step, this mix- 
ture of oligonucleotides is subjected to terminal labeling with NaI04-KB3H4 followed 
by a suitable separation procedure. The products thus obtained can then be further 
analyzed by controlled digestion with exonucleases attacking from the left-hand (S-) 
terminus, such as purified spleen phosphodiesterase (spleen exonuclease)32, to mix- 
tures of oligonucleotides of decreasing chain-length, all carrying the same labeled 
right-hand (3’-) terminus. These oligonucleotides are subsequently resolved and the 
sequence of each original 3’-terminal labeled oligonucleotide is established by tritium 
base composition analysis (Fig. 5). Provided that all partial digestion products have 
been recovered following their separation, the sequence of the parent oligonucleotide 
can be deduced by tritium base composition analysis (Fig. 5). 

A few comments concerning this procedure appear appropriate. The initial 
digestion of the RNA can be accomplished by standard enzymatic techniques4t2’, 
freshly dissolved Bicine being the buffer of choice for the reasons stated above. Sub- 
sequent labeling of the 3’-terminus is usually quantitative at 24 mM NaI04 (pH 6) 
and 10-3(? mM KB3H4 (pH 7.2-8.0) if incubations are carried out for 2-3 h each at 
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room temperature in the dark 27. Resolution of such a labeled digest can then be carried 
out by standard techniquesz-5*33, and the compounds are rendered visible by fluoro- 
graphic film detection18*‘9 (see below). Controlled partial digestion, resolution ac- 
cording to chain-length and film detection will usually present no problems. The last 
step of this analytical scheme appears to be more difficult as it requires NaIO,,-KB3H4 
treatment of extremely small amounts of oligonucleotides after isolation from the 
chromatographic or electrophoretic medium. A major problem is the co-extraction 
of periodate-susceptible background material from the usually cellulose-based sepa- 
ration mediumz7. It appears to be possible to eliminate such technical difficulties by 
suitable purification of the separation medium or by development of NalO,,-KWH4- 
resistant materials that are suitable for chromatography and/or electrophoresis of 
polyanions such as oligonucleotides. These problems are currently being investigated 
in our laboratory. 

As shown in Fig. 6, the introduction of a second 5’-terminal isotope into the 
individual 3’-terminal labeled oligonucleotides of the initial RNA digest (Fig. 5) 
would enable one to circumvent the final tritium base composition analysis for es- 
tablishing the oligonucleotide sequence. In this procedure, the 3’-terminal labeled 
oligonucleotide mixture, obtained by partial exonuclease digestion as indicated in 
Fig. 5, is 5’-terminal labeled by treatment with [y-3ZP]ATP in the presence of the 
enzyme polynucleotide kinase 34*35. After separation of the double-labeled partial 
digest, the sequence of the individual oligonucleotides can then be determined by 
alkaline or ribonuclease Tz hydrolysis, as these treatments will release the 5’-termini 
as 3zP-labeled nucleoside-3’,5’-diphosphates. 

The principles of a novel post-labeling method for sequence analysis of poly- 
ribonucleotides, in which derivatives from internal as well as terminal positions are 
radioactively labeled, will be published shortlyJ6. 

In summary, the procedures outlined in Figs. 5 and 6, as well as othersz7, 
will provide means of sequencing non-radioactive RNA or RNA fragments by post- 
labeling with similar precision and sensitivity as is now possible by methods that 
take advantage of biological pre-labeling. Such post-labeling methods may represent 
the only feasible approach to elucidate the structural characteristics of many RNA 
species from higher organisms, including man. As alterations of RNA structure are 
suspected to exist in human disease, particularly cancer, further development and 
application of these methods may be significant steps towards an understanding of 
pathological processes at the molecular level. 

APPENDIX: FILM DETECTION OF TRITIUM-LABELED SPOTS ON CHROMATOGRAMS 
AND ELECTROPHEROGRAMS 

For locating accurately tritium-labeled compounds on sheet chromatograms 
and electropherograms, a sensitive fluorographic film detection procedure was de- 
veloped in our laboratory 18*19. The method enables a spot containing l-4 nCi of 3H 
to be rendered visible in 24 h, the sensitivity depending mainly on the spot size and, to 
a lesser extent, on other factors discussed elsewhere19. Three factors were found to 
contribute most to the sensitivity19: (I) incorporation of an optimum amount of scin- 
tillator into the separation medium, (2) film exposure at low temperature (-70 to 
-9O”C), and (3) choice of sensitive film material, 
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Fig. 7. Detection of jH-labeled nuclcoside trialcohols by lluorography on Silica Gel Fzsr Iayer. The 
following volumes of a mixture of 3H-labeled nucleoside trialcohols, containing 1.8 nCi of A’, 2.1 
nCi of C’, 2.1 nCi of U’ and 1.4 nCi of G’ per microlitre, were applied to the origins on either half 
of the chromatogram : 0.5 111 each to the Icft-hand and right-hand origin I, 2 1~1 each to 2,s ~tl each to 
3 and 10~1 each to 4. Development was as described in the text for cellulose layers: the solvent (rev/.- 
amyl alcohol-methyl ethyl ketone-water, 3:3:1) was allowed to ascend to 12 cm above the origin. 
Only the left-hand side of the chromatogram was treated with a 7 % solution of PPO in ether. The entire 
chromatogram was covcrcd with Kodak Royal Blue X-ray film. Exposure was for 24 h at -80°C. 
The spots visible on the PPO-treated half arc, from bottom to top, C’, G’, A’ and U’. Note: no com- 
pounds are rendered visible on that part of the film which was in contact with the untreated half of the 
chromatogram. 

Fig. 7 depicts a fluorogram of a separation of nucleoside trialcohols on a Silica 
Gel Fzs4 layer. As shown in Fig. 7, treatment of a chromatogram with 7% (w/v) PPO 
in ether i8*19 makes possible the detection of as little as 1 nCi of a tritium-labeled com- 
pound after exposure for 1 day, whereas without such treatment the limit of detection 
is 30-150 nCi per spot, depending on the film lg. In contrast to organic scintillators 
such as PPO, the green fluorescent indicator present in the Merck Fz5., type layers, 
an Mn-activated zinc silicate, was found not to influence the sensitivity of the film 
detection method (cJ Fig. 7). Compared with standard autoradiography of tritium- 
labeled compounds, fluorography is approximately 100 times more sensitivei9. As 
Kodak Royal Blue X-ray film, originally recommended for the fluorographic proce- 
dure*Bglg, is no longer available, we now use Kodak RP/R54 Royal X-Omat X-ray 
film, which appears to be slightly less sensitive than the former. Details of the tech- 
nique are described elsewhere 18v19. This general method appears to be applicable to 
virtually all chromatographic and electrophoretic media that are currently in use, 
and its applicability includes non-polar as well as polar compounds. 
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