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Alanine- and valine-specific sRNA’s have been purified from yeast sRNA by countercurrent 
distribution. Digestion with pancreatic ribonuclease followed by fingerprinting gave rise to a 
number of pure oligonucleotides, whose yield and structure are reported. The 5’-linked end 
group, which carries free 2’- and 3’-hydroxyl groups, was isolated from both sRNA’s and found 
to be cytidine (1 per 75 nucleotides). The localization of pseudouridylic acid, ribothymidylic 
acid, inosinic acid, Nz-dimethylguanylic acid, N1-methylguanylic acid, and 5-methylcytidylic 
acid within specific sequences has been achieved, demonstrating that both similarities and dif- 
ferences exist between the two specific s-RNA molecules. The yields of oligonucleotides ob- 
tained from digests with pancreatic ribonuclease are sufficiently high to indicate that the start- 
ing material in each case is reasonably homogeneous with respect to nucleotide sequence. Indi- 
vidual oligonucleotides were identified by the qualitative and quantitative analysis of their 
degradation products. 

A detailed understanding of the primary structure 
of amino acid-acceptor RNA (transfer RNA, s-RNA) 
would greatly increase our comprehension of the 
mechanism of protein synthesis (see review by Berg, 
1961). Given the nucleotide sequences of a single 
s R N A  species, we could attempt, by model building, 
to deduce the important features of the secondary 
structure, such as the Watson-Crick base pairs, the 
“c~ding’~ site, and the portion of the molecule which 
interacts with the specific amino acid-activating en- 
zymes. It is currently believed that for each amino acid 
there exists at  least one specific sRNA molecule, pos- 
sibly several. The point has to be established, however, 
by showing that for each amino acid there are one or a t  
most a very few specific nucleotide sequences. Highly 
purified transfer RNA specific for certain amino acids 
is now available, thanks largely to Holley’s pioneering 
work (Holley and Merrill, 1959; Apgar et al., 1962). 
Purifications of specific sRNA’s have been reported 
from many laboratories (Tanaka et al., 1962, Zachau 
et al., 1961; Doctor and Connelly, 1961; Stephenson and 
Zamecnik, 1961; Portatius et al., 1961; Zubay, 1962), 
but in our experience Holley’s countercurrent-distribu- 
tion method has been the most reliable. The present 
paper is a progress report concerning our efforts to 
elucidate the nucleotide sequences in alanine- and 
valine-specific yeast transfer RNA’s and describing the 
structure and yields of some of the oligonucleotides 
found. Portions of this work have been reported briefly 
(Ingram and Sjoquist, 1963). 

EXPERIMENTAL 

Purification of Acceptor RNA.-Yeast acceptor RNA 
was purchased from General Biochemicals (Chagrin 
Falls, Ohio), who apparently prepare it from pressed 
bakers’ yeast (Fleischman’s) by Holley’s modification 
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from the National Institute of Arthritis and Metabolic 
Diseases, U. S. Public Health Service. It was presented in 
brief outline a t  the Cold Spring Harbor Symposium for 
Quantitative Biology, June, 1963 (Ingram and Sjgquist, 
1963). 

t Present address, Department of Physiological Chemis- 
try, University of Lund, Sweden. 

(Holley et al., 1961) of the method of Monier et al. 
(1960). The material usually contained about 75% 
by weight of RNA; it was used directly. 

Countercurrent distribution (Fig. 1) was carried out 
as described by Apgar et al. (1962) in a 100-tube auto- 
matic apparatus of the Craig-Post type in a room whose 
temperature was accurately controlled a t  25’. In later 
experiments, a 200-tube automatic machine (E. C. 
Apparatus Co., Swarthmore, Pa.) was used in a labo- 
ratory which was efficiently air-conditioned a t  25 ’. 
Batches of 1 g of the commercial RNA ( =750 mg ac- 
tual RNA) were distributed a t  a time. The procedure 
was easily reproducible, and results close to those of 
Holley were obtained; however, with the same solvent 
system, 400 transfers were required to obtain a dis- 
tribution which Holley achieves in 200 transfers, pre- 
sumably because of a slight difference in the operating 
temperature (2-3 ’). The partition coefficient of s R N A  
in this system is exceedingly sensitive to changes in tem- 
perature. 

The RNA was recovered from the grouped fractions 
(five tubes together) (Apgar et al., 1962) and the rele- 
vant amino acid-acceptor activity determined by the 
DE-20 ion-exchange paper method previously de- 
scribed (Ingram and Pierce, 1962). The alanine-spe- 
cific acceptor RNA (60 mg), the slowest-moving frac- 
tion, was redistributed in Holley’s 1.9 M NaK phos- 
phate buffer system for 844 transfers (Fig. 1). It 
formed now a rather narrow, almost symmetrical peak. 
The most active portions of this peak, recovered as 
above, were finally evaporated in a rotary evaporator 
and stored a t  -20’. Care was taken to avoid con- 
tamination with the so-called “finger nuclease.” 

The valine-specific acceptor RNA (98 mg) was re- 
distributed (Fig. 2) as the alanine-specific RNA for 
1015 transfers, when the peak showed signs of begin- 
ning to split into two. On one occasion two distinct 
peaks of valine acceptor activity were formed. Perhaps 
there are two valine-specific acceptor RNA molecules 
or perhaps the two fractions differ in some other way. 
This paper deals mainly with the slower, more active 
peak and only a few comments concerning the nucleo- 
side end group of the second valine acceptor RNA 
peak will be presented. 

The alanine acceptor activity of the twice-distributed 
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material was usually 0.54.6 mole of alanine per mole of 
acceptor RNA (mw 25,000, Litt and Ingram, 1964). 
In the most recent experiments, using a new activating 
enzyme preparation, specific activities as high as 0.81 
mole of alanine per mole of sRNA were obtained. 
It is felt that these labeling figures represent minimum 
values, because the enzyme system used was a rather 
crude yeast extract and because in the assays only a 
very few micrograms of highly purified RNA are present 
and subject to degradation by traces of nucleases. 
There is also a considerable hydrolysis rate of the 
amino acyl s-RNA, so that a steady-state concentration 
will be reached below 100% amino acyl s-RNA forma- 
tion. In addition, since both alanine and valine s-RNA 
terminate in cytidine, both would have to have the 
AMP moiety added before they could accept the amino 
acid from the activating enzyme (see Ingram and 
Sjoquist, 1963). Even if our incubation is optimal for 
this last enzyme, it may not be so for the terminal add- 
ing enzyme. More reliance will be placed in this and 
future papers on the chemical purity of our s-RNA 
preparations, as established by the ratios between the 
molar quantities of oligonucleotides found in finger- 
prints. By this criterion it is felt that the alanine-specific 
RNA may be better than 80% pure. 

Digestion of Alanine- and Valine-specific RNA.- 
These were generally carried out 1 mg at  a time in 
20-50 p1 of 0.2 M ammonium acetate, pH 7.6, containing 
12.5 pg of pancreatic ribonuclease (Worthington Bio- 
chemical Corp., Freehold, N. J.). In some digests both 
pancreatic and takadiastase (Ti) ribonuclease were 
present simultaneously. The solution was incubated 
a t  38' in a sealed glass capillary for 90-120 minutes. 
After evaporation on Parafilm in a vacuum desiccator, 
the residue was dissolved in 5 p1 of water in a constric- 
tion pipet (Lang-Levy) and subjected to fingerprinting. 

Fingerprinting Procedures.-Method B (Ingram and 
Pierce, 1962) was mostly used, but a substitute used 
as ascending solvent was a mixture of l-butanol-pyr- 
idine-acetic acid-water in the volume proportions 50 : - 
100 : 15 : 60. Since pyridine absorbs ultraviolet light, 
the oligonucleotide spots were made visible by dipping 
the dry chromatogram in acetone containing 4y0 by 
volume of concentrated ammonia. After redrying, the 
spots were clearly visible. Although this method 
worked well in the humid summer months, it proved 
unreliable in the fall and winter; therefore the 1- 
propanol-ammonia solvent (Method C) is now pre- 
ferred. 

Method D. More recently, Method B has been 
modified for the use of Whatman 3MM paper which is 
46 cm (18 in.) wide, with the double wicks tapered to 
30 cm (12 in.). The cooled plate is now 51 X 61 cm 
(20 x 24 in.). For descending chromatography the 
dry paper was trimmed, and a 64-mm (2.5-in.) strip 
was sewn next to the row of oligonucleotides parallel 
to the direction of electrophoresis. The solvent was 
1-propanol-concd NH3-water in the volume propor- 
tions 55:10:35 (Lipsett et al., 1961). In this solvent 
2',3'-cyclic phosphates run well ahead of the corre- 
sponding 2'- or 3'-phosphates. Separation of some 
methylated nucleotides is also very good. Very good 
fingerprints are obtained using Whatman 3HR paper 
sheets 46 X 57 cm (18.25 X 22.5 in.), with double wicks 
of the same paper dipping into the buffer vessels and 
overlapping the main sheet by 13 mm (0.5 in.). Back- 
ground ultraviolet-absorbing material can be largely 
removed by previous washings of the paper with the 
solvent. Oligonucleotides containing the pGp . . . resi- 
due are strongly adsorbed unless the paper is first 
dipped into 0.05y0 EDTA, pH 7, and then washed 
chromatographically with water and dried.' 

Characterization and Hydrolysis of Oligonucleotides.- 
The relevant areas of the chromatograms of fingerprints 
for which the pyridine solvent had been used were 
eluted with 0.5 N ammonia (100-200 kljin.2). The ex- 
tract was evaporated in a vacuum desiccator to remove 
remaining traces of pyridine before it was redissolved 
in 0.3 ml of either 0.5 or 1.0 N hydrochloric acid or in 
0.2 M ammonium acetate, pH 7.6, for examination in the 
Cary 11M spectrophotometer with beam-focusing de- 
vice. Only in the case of mononucleotides were the 
spectra used to identify the material in the particular 
spot. In all other cases the spectrum a t  this stage was 
used mainly to calculate the yield of that oligonucleo- 
tide, but the structure was established by the results 
of the acid or alkaline hydrolysis. 1-Propanol-am- 
monia chromatograms can be efficiently eluted with 
water only (100-200 pl/in.2). 

Alkaline hydrolysis was mostly used, and this was 
carried out with 80 p1 of 0.3 N KOH per fingerprint 
spot. Heating was done in a capillary a t  37 for about 
16 hours. The desalting procedure on CM 50 paper 
previously described (Ingram and Pierce, 1962) was 
used again with very good results. However, recent 
batches of this paper have had to be washed chro- 
matographically with 1 N hydrochloric acid, and plenty 
of water, before the capacity of a 2 X 6-cm strip was 
high enough to neutralize 80 p1 of 0.3 N KOH. After 
elution and evaporation on Parafilm, the residue in 5 p1 
of water was loaded onto 1.5 cm of wet Whatman 3MM 
paper. Electrophoresis was usually carried out on a 
cooled metal plate in 10% acetic acid brought to pH 
2.7 with ammonia (see Method B, Ingram and Pierce, 
1962). More recently, 20 % acetic acid, adjusted to p H  
2.7 or 3.0 with ammonia, has given superior separations 
on Whatman 3HR paper a t  lower voltage gradients. 
The mononucleotides were eluted, together with blank 
areas, and characterized by their spectra in acid as 
well as by their electrophoretic position. All the eluted 
papers were dried and weighed so that appropriate blank 
corrections could be applied to the optical-density 
readings. 

Digestion of Oligonucleotides with Alkaline Phosphatase 
and Snake Venom Diesterase.-To the dried eluate of an 
dligonucleotide spot were added 20 p1 of 0.2 M ammo- 
nium acetate, pH 7.6, and 2 p1 of an Escherichia coli 
alkaline phosphatase solution (gift of Dr. C. Levin- 
thal) which contained 16 mgjml. Incubation was for 
2 hours a t  37 O in a sealed glass capillary. The solution 
was evaporated to dryness before purification of the 
oligonucleotides by electrophoresis, as described for the 
alkaline hydrolysates. Alkaline phosphatase remained 
adsorbed at  the starting line. 

Relevant areas of the dry paper were eluted with 100 
pl of 0.2 M ammonium carbonate, pH 8.5. Snake 
venom diesterase (Worthington Biochemicals, Freehold, 
N.  J.) ( 5  pl containing 25 pg in the same pH 8.5 buffer) 
was added to the eluate. After incubation for 1 hour 
at  38 O, and evaporation, the products of digestion were 
identified by electrophoresis as described for the alkaline 
hydrolysates. Further identification of nucleotides 
and nucleosides and their estimation was usually car. 
ried out by determining their spectra in 0.5 N HCl. 

1 Abbreviations used in this work: Ap, 2'- and,'or 3'- 
phosphates of adenosine, ApGp, adenyl- (3',5')-guanosine 
phosphate; fi-uridylic acid ($Up), pseudouridine- (2')-3'- 
phosphate; Tp,  thymine ribosyl phosphate; MeAp, N6- 
methyladenine ribosyl phosphate; 2-DMGp, N2-dimethyl- 
guanylic acid; 1-MGp, N1-methylguanylic acid; Ip, 
inosinic acid; pGp, guanosine-2' (3 ') ,5'-diphosphate. 
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TABLE I 
ALANINE s-RNA: SOME OLIGONUCLEOTIDES FROM PANCREATIC RIBONUCLEASE DIGESTS" 

Yield 
(moles 

Per 
mole Structure Yield 

Oligo- Spot cyti- Determined ( mcr- 
nucleotide No. dine) by: Product moles) Comment 

APCP p2 1.1 Identified by characteristic position 

2-DMGpCp p4 1 . 1  alk. phosphatase 2-dimethyl- 12.7 Identified by electrophoretic position 

(Rushizky and Knight, 1960) 

+ SVDb guanosine and spectrum 
PC 10 .4  

KOH 2-DMGp 10.7 HC1 hydrol. -+ 2-DMGuanine, identi- 
fied by chromatography in isopropyl 
alcohol-HC1, spectrum 

CP 12.0 
~~ 

GPCP p5 2 .6  alk. phosphatase guanosine 18.1 + SVD 
PC 19 .1  

CP 17 .2  and spectrum 

._ - 
APGPCP p6 0 . 9  Ti APGP 13.8 Identified by electrophoretic position 

APUP p9 0 .4  KOH AP 15.9 
UP 16 .1  

GPUP p14 3 .8  alk. phosphatase guanosine 

1-MGpGpCp p8 1.1 alk. phosphatase l-methyl- 
+ SVD PU 

+ SVD guanosine 
PG 
PC 

KOH 1-MGp 

GP 
CP 

42.8 
39.3 

10.6 and spectrum 
9 . 6  Identified by electrophoretic position 

9 .2  
8 . 0  Identified by electrophoretic position 

8 .4  
7 .7  

and spectrum 

APGPUP p10 1 . 9  Ti 

alk. phosphatase adenosine 5 .0  + SVD guanosine 6 .2  
PA 5 . 8  
PG 5 . 5  
PU (6.1) Low because of partial destruction by 

ultraviolet light on the electro- 
phoresis paper 

KOH AP 12 .5  
GP 13 .5  
UP 10.0 

IPGPCP p l l  1 . 0  alk. phosphatase inosine 9 . 9  Identified by spectrum, electrophore- + SVD PG 7 . 6  sis, and chromatography in iso- 
PC 12.8 propyl alcohol-NHI as hypoxan- 

thine after HC1 hydrolysis 

GPGPTP p15 0 . 8  KOH GP 24.5 
T P  1 2 . 1  Identified by spectrum, electrophore- 

sis at p H  3.0 

GPGPAPCP p7 0 .9  Ti GP 
APCP Identified by electrophoretic position 

KOH CP 6 .7  
AP 9 . 7  
GP 1 5 . 7  

and spectrum 

a Unless otherwise indicated, the products of degradation were identified by their electrophoretic position and by their 
spectra either in 0.5-1.0 N HC1 or a t  p H  6.8. SVD = snake venom diesterase. 

RESULTS side end group which moves far to the cathode side. 
The only end group found was cytidine (see Ingram 

Alanine-specific RNA: Pancreatic Ribonuclease Di- and Sjoquist, 1963), with about 8% of a slower-moving 
gestion.-Figure 2 shows the Gngerprint of the alanine- component, probably adenosine. The presence of 
specific acceptor RNA, digested with pancreatic ribo- cytidine as virtually the only end group with free 2',3'- 
nuclease (see also Table I). Not shown is the nucleo- hydroxyl groups was c o n b e d  by alkaline hydrolysis, 
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COUNTER CURRENT DISTRIBUTION 
OF YEAST S-RNA t ~400 + VAL-RNA 

REDISTRIBUTION OF ALA- RNA 

-00 - ALA 
- - V A L  

.6 

0 

1 4  

1. 
..3 > 
-.2 5 

i c 

a11G. ALA 

I- 
20 I 40 W ) ’ W  ~ 1 100 I& Ib I& I& A 

TLSE NUMBER TUBE NUMBER 

t =844 t = 1015 
FIG. I.-Countercurrent distribution of alanine- and valine-specific s-RNA (see text) 

by the simultaneous digestion with both ribonucleases, 
and by the presence of a T, oligonucleotide which 
yielded no guanylic acid, hut did yield one equivalent 
of cytidine on alkaline hydrolysis. 

The dinucZeotidep4 gave 1.1 equivalent per 75 nucleo- 
tides of NZ-dimethyl-GpCp. The eluate from p4 was 
dephosphorylated and degraded with snake venom di- 
esterase. Paper electrophoresis at pH 2.7 gave cyt- 
idine-5‘-phosphate (and a little free cytidine due to 5’- 
nucleotidase contamination) and a nucleoside migrating 
to the cathode more rapidly than guanosine (ratio of 
mobility ahout 3 relative to uridine). The nucleoside 
had a spectrum in 1 N hydrochloric acid close to that 
published by Smith and Dunn (1959) for Nz-dimethyl- 
guanosine (Ama= 264 mp; pronounced shoulder, ratio 
280j260 mp = 0.50). The amounts of cytidine-5’- 
phosphate (plus cytidine) and N2-dimethylguanosine 
were 10.4 and 12.7 mpmoles, respectively. 

The dinucleotide was found again in the digest of 
alanine s-RNA with both ribonucleases. It seems 
that under the conditions used, the bond next to N’- 
dimethylguanosine-3’-phosphate is not hydrolyzed by 
ribonuclease T,, although in other digests with this 
ribonuclease alone, splitting of this bond to give 
Cp2DMGp has been observed. Alkaline hydrolysis, fol- 
lowed by electrophoresis a t  pH 2.7, yielded cytidine- 
3’9hosphate (12.0 mpmoles) and &‘>-dimethyl- 
guanosine- (2’)3‘-phosphate (10.7 mfimoles); the nucleo- 
tides were identified by their electrophoretic position 
and by their spectra in 0.67 N HC1. The extinction 
coefficient of guanosine-3’-phosphate was used for the 
methylated nucleotide. NZ-Dimethylguanosine-3’- 
phosphate showed A,, 266 mp; ratio 280/260 mfi = 
0.67. This nucleotide, after hydrolysis in 100 pl of 1 N 
HC1 a t  100’ for 1 hour, gave N2-dimethylguanine, char- 
acterized in chromatography in the isopropanol-HC1 
solvent; ratio: RI-guanine/R~-2-dimethylguanine = 
1.7 which is close to the literature value (Smith and 
Dunn, 1959). The methylated base on the acid paper 
chromatogram had a characteristic brilliant light-blue 
fluorescence in ultraviolet light, easily distinguishable 
from the darker and less brilliant fluorescence of 
guanine. 

The trinucleotide p8 gave 1.0 equivalent per 75 nu- 
cleotides of N’-methyl-GpGpCp. The structure was 
proved in the eame way as dinucleotide p4. After 
dephosphorylation and degradation with snake venom 
diesterase, three major produds were found on elec- 
trophoresis a t  p H  2.7: guanosine-5’-phosphate (and 

Orlg,” i 
FIG. 2.-Alanine 8-RNA. Fingerprint of pancreatic riho- 

nuclease digest. Method B, modified for use with the pyri- 
dine-containing solvent; see Methods. 

also a very s d  amount of guanosine), together with 
10.6 mpmoles; cytidine-5‘-phosphatee, 9.2 mpmoles; and 
a nucleoside (9.6 mpmoles) whose mobility a t  pH 2.7 is 
intermediate between guanosine and Nz-dimethylguano- 
sine (uide supra). This nucleoside had a spectrum in 1 N 
hydrochloric acid close to that given by Smith and Dunn 
(1959) for NLmethylguanosine (Amax 258 mp; a weak 
shoulder; ratio 280j260 mp = 0.71). 

In  another experiment, alkaline hydrolysis and 
electrophoresis a t  p H  2.7 gave cytidine-3’-phosphate 
(7.7 mpmoles), guanosine-(2’)3’-phosphate (8.4 mp- 
moles), and N’-methylguanosine-(2‘)3’-phosphate (8.0 
mpmoles), identilied by their spectra in 1 N HCl and hy 
their position in electrophoresis. The “-methyl- 
guanosine-(2’)3’-phosphate moved a little more slowly 
than the umnethylated nucleotide and was clearly re- 
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Pancreatic Ribonvdeese Digests 

Alanine s-RNA 

.M, INGA SJOQUIST, & J. SJOQUIST Biochemistry 

+ I  Origin 

FIG. 3.-Alanine sRNA. Fingerprint of pancreatic riho- 
nuclease digest. Method D under Methods, using 20% 
acetic acid-NHa, pH 2.7; Whatman 3HR paper. 

solved. The methyl derivative had X,,,. at 260 mp 
and a ratio 280/260 mp of 0.70. 

In  the fingerprint of a digest of alanine s-RNA with 
both ribonucleases, a resistant dinucleotide was found 
(0.7 mole per mole of cytidine end group) which gave a 
spectrum in 0.1 M ammonium acetate at pH 6.8 closely 
resembling that of guanosine-3'-phosphate itself. Hy- 
drolysis in 1 N HCl followed by chromatography in the 
isopropanol-HC1 solvent showed only one spot, corre- 
sponding to guanine. Rechromatography of this 
material in isopropanol-NH, showed distinctly two 
bases, the slower of which corresponded to guanine. 
From the ratio of their RF values ( =  1.4) (Smith and 
Dunn, 1959) we can deduce that the faster-moving 
component is N'-methylgnanine, which would not he 
expected to separate from guanine in the acidic solvent. 
It seems that the bond next to N1-methylguanosine-3'- 
phosphate is resistant to ribonuclease TI (McCully and 
Cantoni, 1951). 

The combined action of both ribonucleases yields 
thymine ribotide (0.9 mole per mole cytidine), char- 

FIG. 4.-Valine a-RNA. Fingerprint of pancreatic ribo- 
nuclease digest. Method D under Methods, using Whatman 
3MM paper dipped in 0.05% EDTA and dried, 10% acetic 
acid-",, p H  2.7. 
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acterized by its position on the fingerprint where it is 
slightly slower than Up in electrophoresis a t  pH 2.7, 
but faster than Up in chromatography. The spec- 
trum of the isolated Tp showed A,,, = 265 mp ratio 
280/260 mp = 0.67. 

In  the fingerprint of the pancreatic ribonuclease di- 
gest (Figs. 2, 3) of alanine s-RNA, Tp occurs as the 
trinucleotide p15 with the structure GpGpTp (0.8 
mole per mole cytidine). Alkaline hydrolysis and 
electrophoresis a t  pH 3.0 in 20% acetic acid-", gave 
Gp (24.5 mpmoles) and Tp (12.1 mpmoles). The latter 
was identified by its characteristic position in electro- 
phoresis and by its spectrum (A,,, in 1 N HCl = 263 
mp). 

The occurrence of inosinic acid (Ip) in s-RNA has 
been observed by D. B. Dunn (unpublished) and also by 
Holley et al. (1963). In the fingerprint of the pancreatic 
ribonuclease digest of alanine s-RNA it occurs as the 
trinucleotide IpGpCp- (pll), an oligonucleotide just be- 
low the trinucleotides ApGpUp and GpApUp and not 
too well resolved from them. The yield is 1.0 mole per 
mole of cytidine. The structure was proved by de- 
phosphorylation and degradation with snake venom 
diesterase. Only three products were found on elec- 
trophoresis a t  pH 3.0: cytidylic acid (presumably 
5'-), 12.8 mpM; 5'-guanylic acid, 7.6 mpM; and inosine, 
9.9 mpM. In view of the specificity of pancreatic ribo- 
nuclease, this proves the structure IpGpCp. The 
inosine was characterized by its electrophoretic posi- 
tion, by its spectrum in 1 N HC1 (A,,, = 247 mp), and 
by its hydrolysis with 1 N HC1 a t  100 O to hypoxanthine 
which was identified chromatographically in the iso- 
propanol-H20 (NH,) solvent. 

Some larger oligonucleotides near the origin of the 
fingerprints will be the subject of a later paper. 

Valine-specific RNA: Pancreatic Ribonuclease Di- 
gestion.-Figure 4 shows a fingerprint of the valine- 
specific acceptor RNA after digestion with pancreatic 
ribonuclease, e.g., of the slow valine s-RNA peak from 
the countercurrent distribution. The cathode side is 
not shown, but this yielded 12.8 mpmoles of cytidine and 
5.2 mpmoles of adenosine. It also showed a minor 
amount of a component moving between adenosine 
and the application point. There was not enough 
material in this spot for further analysis. 

The presence of cytidine as the main end group with 
free 2',3'-hydroxyl groups was confirmed by the alka- 
line hydrolysis of intact valine s-RNA. Cytidine was 
also found as the end group in one oligonucleotide ob- 
tained after digestion with ribonuclease TI. All other 
oligonucleotides after T1-digestion ended in (2 ')3 '- 
guanylic acid. 

It is of interest to mention here that preliminary 
results of the ribonuclease T1 digest of the second valine 
s-RNA peak from the countercurrent distribution show 
two oligonucleotides that do not end in (2')3'-guanylic 
acid. One of these oligonucleotides ends in cytidine 
and seems to be identical with the one from the first 
valine-acceptor peak. It is present in a minor amount, 
however. The second oligonucleotide, not ending in 
guanylic acid, is the major one, and contains adenosine. 
In comparison with the first valine-acceptor peak, the 
ratio cytidine to adenosine is reversed. 

Cytidine-3 '-phosphate forms spot pl . Slightly above 
this spot in the fingerprint is 5-methylcytidine-3 '- 
phosphate, accounting for 2.0 moles per 78 nucleotides. 
It has a cytidylic acid spectrum, but its maximum in 1 
N HC1 was a t  284 mp, and the ratio 2801260 was 3.1. 

Spots p6 and p8 contain uridine-3'-phosphate. 
Spot p6 is the cyclic form which was proved by its 
shift in RP following chromatography of an alkaline 

hydrolysate. Together they account for 5.6 residues 
of uridylic acid per 78 nucleotides. 

Pseudouridine- (2 ')3 '-phosphate ($Up) forms spot p7, 
accounting for 2.2 residues per 78 nucleotides. More 
$Up (>0.5 residue) is found in a dinucleotide forming 
spot p20. Alkaline hydrolysis of p20 yields adenosine- 
(2')3'-phosphate (2.7 mpmoles) and (pseudouridine- 
(2')3'-phosphate (2.2 mpmoles), identified by their 
position in electrophoresis a t  pH 2.7 and by their spec- 
tra. In addition, $Up was identified by its char- 
acteristic fluorescence in ultraviolet light after electro- 
phoresis. 

Thymine ribonucleotide was found in the trinucleo- 
tide p21, slightly below ApUp, and gave 0.5-0.6 residue 
per 78 nucleotides (see also Table 11). From its posi- 
tion in the fingerprint we assume that the trinucleotide 
is in cyclic form. Alkaline hydrolysis of p l l  followed 
by electrophoresis a t  pH 2.7 (20% acetic acid-",) 
yields Ap (5.6 mpmoles), Gp (4.4 mpmoles) and Tp(6.5 
mpmoles). The last was identified by its position in 
electrophoresis, where it moves slightly more slowly 
than Up, and by spectrum (A,,, in acid = 265 mp, 
ratio 280,260 mp = 0.70). Ribonuclease T1-digestion 
of the trinucleotide yields free Tp (4.5 mpmoles) and 
the dinucleotide ApGp (5.0 mpmoles). Combined 
digestion of valine s-RNA with pancreatic and TI ribo- 
nucleases gave also free Tp but in a higher yield, corre- 
sponding to 1.0 mole per 78 nucleotides. It was iden- 
tified by its position in the fingerprint (above Up) and 
by its spectrum. In addition, Tp  is found in a tetra- 
nucleotide in the fingerprint from a ribonuclease TI 
digest (Ingram and Sjoquist, 1963). 

Like alanine s-RNA, valine s-RNA also contains 
inosinic acid. It was found in the trinucleotide p22 in 
the fingerprint, slightly below and to the right of GpCp 
(p5). The yield was 0.8 mole per 78 nucleotides, and 
its composition (IpApCp) was established following 
KOH hydrolysis and electrophoresis at pH 2.7; Ap 
(8.0 mpmoles), Cp (8.3 mpmoles), and Ip (7.9 mpmoles). 
Ip  was characterized by its position in electrophoresis 
and chromatography in 1-propanol-NH, and by its 
spectrum (A,,, in 1 N HC1 = 250 mp). TI ribonuclease 
digestion of p22 yielded free Ip (5.5 mpmoles) and 
ApCp (4.9 mpmoles), which were identified after 
electrophoresis a t  pH 2.7. 

Free inosinic acid was also found in a fingerprint 
obtained after the combined action of both ribonu- 
cleases. It was present in almost one residue per 78 
nucleotides. 

The trinucleotide p23 yielded 0.7 mole per 78 nucleo- 
tides. In the fingerprint this spot is located slightly 
below GpUp. Alkaline hydrolysis followed by elec- 
trophoresis at pH 2.7 gave guanylic acid (14.4 mpmoles) 
and uridylic acid (6.7 mpmoles). However, acid 
hydrolysis of the Gp spot in 1 N HC1 for 1 hour, fol- 
lowed by chromatography in isopropanol-H,O (NH, 
in vapor phase), yielded two spots, both of which gave 
a blue fluorescence in ultraviolet light when exposed to 
HC1 vapor. The slower-moving spot corresponded to 
guanine. From the ratio of their RF values ( = 1.45) 
(Smith and Dunn, 1959) we can deduce that the faster- 
moving component is N1-methylguanine. It gave a 
spectrum in 1 N HC1 similar to the one published by 
Smith and DUM (1959) with a maximum a t  258 mp 
and a weak shoulder. 

Digestion of p23 with ribonuclease T1 followed by 
electrophoresis a t  pH 2.7 yielded two spots. One 
corresponded to Up, the other migrated a little further 
than Gp. Following HC1 hydrolysis, the composition 
of the latter was proved by chromatography in iso- 
propanol-H20 (NH, in vapor phase) and spectral 
analysis. The result showed guanine and N1-methyl- 
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TABLE I1 
VALINE s-RNA: SOME OLIGONUCLEOTIDES FROM PANCREATIC RIBONUCLEASE DIGESTS" 

Yield 
(moles 
per 78 SLucture Yield 

Oligo- Spot nucleo- Determined (mp- 
nucleotide No. tides) by: Product moles) Comment 

APCP P2 1 . 9  KOH AP 18.6 
CP 17 .8  

APUP P9 1 . 0  KOH AP 11 .6  
UP 1 1 . 2  

APWP p20 0 . 5  KOH AP 
$UP 

2.7 Identified by electrophoretic position 
2 . 2  and spectrum, and $Up; also by 

fluorescence in ultraviolet light 

p21 0 . 5  KOH 

Ti 

AP 
GP 
T u  
APGP 
T P  

5 . 6  See text 
4 .4  
6 . 5  
5 . 0  Identified by electrophoretic position 
4 . 5  and spectrum. KOH-hydrolysis 

of ApGp - Ap, Gp 

GPCP P5 3 . 5  KOH CP 31.0 
GP 29.5 

IPAPCP p22 0 . 8  KOH AP 8 . 0  
CP 8 . 3  
IP 7 .9  See text 

T1 APCP 4 .9  Identified by electrophoretic position 
IP 5 . 5  and spectrum. KOH-hydrolysis 

of ApCp -+ Ap, Cp 

APGPUP p10 2 . 9  KOH AP 15.0 
GDADUD GP 15.6 . * -  

Ti 
UP 15.0 
APGP 20.7 After HC1-hydrolysis, Gp + ApUp 
UP 19 .5  separated into guanine, adenine, 
GP + APUP 10 .3  and Up in isopropyl alcohol-HZO 

("3 in vapor phase) 
~ 

GPGPCP p24 1.1 KOH CP 14.4 
GP 27.8 

alk. phos- guanosine 7 .8  Identified by electrophoretic position 
phatase pC 8 . 2  (20% HOAc-NH?. p H  2.7) and + SVUb pG 8 . 0  spectrum 

ApGpApUp(?i p26 0 8 KOH AP 22.0 

UP 9 0  
GP 13 .8  

PGPGPUP p27 0 . 6  KOH PGP 
GP 
UP 

5 . 6  Identified by electrophoretic position 
5 . 4  and spectrum 
5 . 7  

GPAPAPCP p25 0 . 9  KOH AP 1 7 . 1  
CP 11 .0  
GP 10 .0  

TI APAPCP 9 .6  Identified by electrophoretic position 
GP 9 . 9  and spectrum. KOH-hydrolysis 

of ApApCp -z 2Ap, C p  

GPUP p14 1.1 KOH GP 
UP 

1 9 . 1  
17 .2  

1-MGpGpUp p23 0 . 7  KOH Gp + 1-MGp 14.4 After acid hydrolysis, 1-MGuanine 
UP 6 .7  and guanine were seuarated bv 

TI 

chromatography in isopropyl alci- 
hol-HQ0 ("3 in vapor phase) 

1-MGpGp 5 . 0  1-MGpGp separated into 1-MGua- 
UP 4 . 8  nine and guanine in chromatogra- 

phy in isopropyl alcohol-H?O ("3 

in vapor phase) subsequent to HC1- 
hydrolysis 

a Unless otherwise indicated, the products of degradation were identified by their electrophoretic positions and by their 

s-RNA, the phosphodiester linkage between "-methyl- 
guanosine and guanosine is resistant to ribonuclease TI. 
This was also confirmed in another experiment where 

As mentioned before in connection with alanine valine s R N A  was digested with both pancreatic and 

spectra in either 0.5-1.0 N HCl or at p H  6.8. 

guanine. Thus the two spots in electrophoresis after 
ribonuclease T? digestion of p23 account for 1-MGpGp 
(5.0 mpmoles) and Up (4.8 mpmoles). 

SVD = snake venom diesterase. 
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TI-ribonuclease. In a fingerprint from this digest 
1-MGpGp was found, accounting for 0.8 mole per 78 
nucleotides. In addition, 1-MGp was found in a tri- 
nucleotide, Upl-MGpGp following ribonuclease TI 
digestion of valine s-RNA (Ingram and Sjoquist, 
1963). Again the phosphodiester bond between 1-MGp 
and Gp proved resistant toward ribonuclease TI. 

The trinucleotide p27 yielded after alkaline hydrolysis 
pGp (5.6 mpmoles), Gp (5.4 mpmoles), and Up (5.7 
mpmoles), accounting for 0.6 mole per 78 nucleotides. 
The identification of pGp was accomplished by electro- 
phoresis a t  pH 2.7, in which pGp moves further than 
Up, and by its spectrum. 

The trinucleotide p10 (ApGp)Up is located between 
UpApCp (p22) and 1-MGpGpCp (p23). It accounts for 
2.9 moles of oligonucleotide per 78 nucleotides. Its com- 
position, Ap (15.0 mpmoles) , Gp (15.6 mpmoles), and Up 
(15.0 mpmoles) , was established by alkaline hydrolysis 
followed by electrophoresis a t  pH 2.7. In another ex- 
periment, p10 was digested with ribonuclease T1 fol- 
lowed by electrophoresis a t  p H  2.7. Three main spots 
were obtained: ApGp (20.7 mpmoles), Gp + ApUp 
(10.3 mpmoles), and Up (19.5 mpmoles). Acid hy- 
drolysis of Gp + ApUp followed by chromatography in 
isopropanol-NH3 yielded almost molar ratios of gua- 
nine, adenine, and uridylic acid. The trinucleotide p18 
was also treated with alkaline phosphatase. Rechro- 
matography in l-propanol-NHs and digestion with 
snake venom diesterase was followed by electrophoresis 
a t  pH 2.7 (2001, acetic acid-NHa). Adenosine and 
guanosine were found as nucleosides in the ratio 2:l.  
Hence the composition of p10 was established to be 
ApGpUp (2 moles) and GpApUp (1 mole). 

In the pancreatic ribonuclease fingerprint two tetra- 
nucleotides occur (p25 and p26) .  Alkaline hydrolysis 
of p25 yielded Ap (17.1 mpmoles), Cp (11.0 mpmoles), 
and Gp (10.0 mpmoles). T1 digestion of p25 gave Ap- 
ApCp (9.7 mpmoles) and Gp (9.9 mpmoles). ApApCp 
is also found as one residue per valine s-RNA in a finger- 
print resulting from digestion with the two ribonu- 
cleases. We can therefore deduce that p25 is a tetra- 
nucleotide with the sequence GpApApCp. 

The second tetranucleotide, p26, moves a little fur- 
ther than GpApApCp in electrophoresis, pH 2.7, but 
with the same RF in chromatography. Alkaline hy- 
drolysis followed by electrophoresis yields Ap (22.0 mp- 
moles), Gp (13.8 mpmoles) , and Up (9.0 mpmoles). 

Digestion of p26 with ribonuclease T1 gave no clear 
proof of its nucleotide sequence. ApGp and ApUp 
were present, but so were Gp and some other minor 
spots. Probably p26 is contaminated with other 
nucleotide material. Its position in the fingerprint and 
its base composition indicate, however, that it might 
be a tetranucleotide. This is in agreement with Holley et 
al. (1963) who finds a tetranucleotide with this com- 
position in a pancreatic ribonuclease digest of valine 
s-RNA from yeast. 

The finding of ApGp and ApUp after ribonuclease TI 
digestion of p26 suggests that the sequence is ApGp- 
ApUp. This is supported by the result of a finger- 
print after digestion with both ribonucleases in which 
neither ApApGp nor ApApUp could be found, which 
would be the case if the structure of the tetranucleotide 
was either ApApGpIlp or GpApApUp. 

Base Compositions of Alanine and Valine Transfer 
RNA's.-In Table I11 are shown the base composi- 
tions of alanine and valine RNA's based mainly on the 
analyses of mono- and oligonucleotides derived from 
digests with pancreatic ribonuclease. The data are sup- 
ported by the results of total KOH hydrolysis and of 
simultaneous digestion with the two ribonucleases. 
In the pancreatic ribonuclease digest it is easy to note 

and discard those trace amounts of contaminating 
oligonucleotides which still exist. In a total KOH 
hydrolysate several contaminants would give rise to 
appreciable amounts of the four main nucleotides. 
For this reason the data from pancreatic ribonuclease 
digestion are considered to be more reliable. 

TABLE I11 
COMPOSITION OF ALANINE AND VALINE s-RNA. 

Alanine Valine 

AP 
MeAp 

UP 
+UP 

TP  
1-MGp 

2-DMGp 
GP 

PGP 
IP 

CP 
5-MCp 

Cytidine 

:I8 ':Il6 1 

1 
1 

23 11.25 

1 

23]24 

- 1 

75 

l q 1 8  1 

l:]19 1 

1 

1 
0 

1-2 26-28 

77-79 

24-25 

1 

3 
4 
3 
1 
1 

~ ~ 

a The composition is based mainly on the analyses of 
mono- and oligonucleotides from digests with pancreatic 
ribonuclease (see text). The bases are grouped accord- 
ing to their expected base pairing character. A minimum 
of 11 and 13 bases in alanine and valine s-RNA, respec- 
tively, cannot find partners for base pairing of the Watson- 
Crick type. 

The differences between the two RNA species are very 
clear, particularly in the "additional" bases and in the 
contents of adenylic acid. In the two RNA's it is 
apparent that a minimum of 11 and 13 bases, respec- 
tively, cannot find partners for base pairing. The 
methylated guanylic acids are placed in a class by them- 
selves because they probably cannot form base pairs of 
the Watson-Crick type a t  all. 

DISCUSSION 
The results indicate clearly the differences which exist 

between alanine- and valine-specific s-RNA from yeast. 
Particularly striking are the differences and the simi- 
larities in the sequences around the additional bases, 
such as those summarized in Table IV. No obvious 
reason emerges for the formation of the additional 
bases in the sequences where they occur. 

The methods employed in this work are classical now 
and they are adequate up to the level of tetra- or even 
pentanucleotides. For oligonucleotides which are con- 

TABLE IV 
ALANINE AND VALINE s-RNA: 

COMPARISON OF SEQUENCES 

Alanine Valine 
S-RNA s-RNA 

GPGPTP APGPTP 
IPGPCP IPAPCP 

APWP 

1-MGpGpCp 1-MGpGpUp 
2-DMGpCp 

(pyrimidine) p5-MCp 
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siderably longer than five, new methods of separation 
and for sequencing will be needed. 

In the present work, emphasis was placed on ob- 
taining quantitative results, and in many cases dupli- 
cate or triplicate analyses. In particular, this applies 
to the analysis of the oligonucleotides and to the yields 
of the oligonucleotides themselves. The high yields 
obtained for all oligonucleotides except ApUp in alanine 
s-RNA and ApGpTp in valine s-RNA lead us to believe 
that the starting preparations are reasonably homo- 
geneous with respect to nucleotide sequences. It is 
particularly reassuring to note that our results are, on 
the whole, in very good agreement, both qualitatively 
and quantitatively, with those of Holley et al. (1963) 
and of Doctor et al. (1963) for similar preparations of 
specific s-RNA’s. The few minor differences which do 
exist will presumably be eventually resolved, particu- 
larly as new unusual bases are being discovered. 
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