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Despite very considerable work relating modification of 

bases in transfer RNA (tRNA) with inactivation of its func- 

tions, no clear picture of the sites of these functions has 

emerged except that the integrity of the anti-codon is essen- 

tial for mRNA induced amino acid incorporation This re- 

port records the first part of a new effort in which modifi- 

cations of single bases are carried out in a progressive man- 

ner so that eventually the bases crucial to activity can be 

identified. In the work reported here inactivation of alanine 

acceptance by unfractionated yeast tRNA was examined to deter- 

mine the sensitivity of this activity towards the photochemi- 

cal reduction of uracil. It is found that modification of 

about 8 uracil bases per tRNA molecule, that is about half of 

those present, are required for inactivation. 

i) For reviews, see Brown, 1963; Brown and Lee, 1965; Miura, 
1967; Engelhardt and Kisselev, 1966. 
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RESULTS 

Assay conditions were selected so that the incorporation of 

cl4-alanine into tRNA was a nearly linear function of tRNA concen- 

tration (Figure i), and the incubation time with yeast extract 

gave maximum incorporation (Figure 2). Prior to incubation with 

yeast extract, tRNA was allowed to react with NaBH 4 in the pres- 
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Figure  1 .  I n c o r p o r a t i o n  of a l a n i n e  as a f u n s t t o n  of tRNA o o n c e n t r a t i o n .  Mix- 
t u r e s  oon ta ined  Q.029M T r i m - s h l o r t d e ,  pHT.~, 0.00~MMgOloe 0.002~MATP, 0.000~R 
EDTAj O.020mM Ol4-alanine (spesifls astlvlty, 7400 epm/m~le), 1.0 mC/ml of 
yeas t  ex t r ag t  (p repared  by the method of Stephenson and ZameonLk, 1961, as 
modi f ied  by Hoeklnson and Khorana, 196~), the  i n d i o a t e d  amount of y e a s t  tRN& 
(prepared  from F l e i s e h m a n ' s  yeas t  by the method of Monter,  Stephensonw and 
Zameenlk, 1960,  as modi f ied  by Hol l ey ,  196~), i n  a volume of 0 .2~ ml,  and were 
l n s u b a t e d  a t  ~ o  f o r  30 m i n u t e s .  Reac t ions  were t e r m i n a t e d  by p l a c i n g  the tubes  
i n  i c e  and immediate ly  adding 4 ml of i e e - ¢ o l d  ~ t r i c h l o r o a c e t i e  a s i d  (TOA). 
The tubes were decanted onto glass fiber filters (Whatman GF/B, 2.4 sm diameter) 
i n  a s t a i n l e s s  s t e e l  ho lder  under  s u s t t o n .  The tubes  were r i n s e d  3 t imes  wi th  
4 m l  p o r t i o n s  of so ld  ~ TeA, and the  f i l t e r s  r i n s e d  ~ t imes  with 4 ml p o r t i o n s  
Of so ld  ~% TOA, fo l lowed  by 1 ml of ace tone  to speed d ry ing  of ~he f i l t e r s .  
The f i l t e r s  were p laced  in  g l a s s  v i a l s  o o n t a i n i n g  l O m l  ~ s o i n t i l l a t i o n  f l u i d  
( t o l u e n e  c o n t a i n i n g  0.~% PPO and O . 0 ~  POPOP)p and the 0 "~ i n c o r p o r a t e d  i n t o  
the  tRNA determined ~s ing  a Packard s c i n t i l l a t i o n  c o u n t e r .  R e s u l t s  i n  t h i s  
flgure are the mean of dupli©ates. The arrow indleatem the usual tRNA level. 

Figu re  2 .  I n o o r p o r a t l o n  of a lanLne as a f u n c t i o n  of  I n c u b a t i o n  t ime .  Al l  mix- 
t u r e s  con ta ined  120 pg of  tKNA, and reaetLons were t e rmina t ed  a t  the i n d i c a t e d  
t i m e s .  Other  d e t a i l s  of  ~he assay  procedure ere  g iven f o r  f i g u r e  1 .  The 
arrow i n d i c a t e s  the u s u ~  t c s u b a t i o n  t ime f o r  the  l a t e r  expe r imen t s .  
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ence of ultraviolet light, conditions which should result in the 

specific conversion of uracil to 5, 6-dihydrouracil (Cerutti, 

Ikeda, and Witkop, 1965). At intervals, aliquots were removed 

from the reaction mixture for determination of alanine acceptance 

(Figure 3). Zero order inactivation was observed. 
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Figure  7 .  I n a c t i v a t i o n  of s l a t 4 1  sminoaQyla t ion  a o t i v i t y .  Reaot ion e o n d i t i o n s  
based 0u meth0d of 0eruttl ~ el. (196~). A e01sti0n e0ntalnlng 6.0 mg/ml of 
yeas% tlhNA, O.OI7M M&4I 2, 0.1OM NaBH 4, i n O . 6 0  ml t o t a l  volume waa i r r a d i a t e d  
i n  a s toppered  ~ ml quar tz  e a v e t t e  wi th  a Vyoer f i l t e r  a% 1 em from a l~W Gem- 
eral Electrie germicidal lamp. At 2.~ minute intervals, the mixtsre was shaken, 
and at  ~ .0  minute  i n t e r v a l s ,  a 20 ~1 a l i q u o t  was taken  f o r  the  a l a n i n e  aceeptanoe 
assay. The excess Na~ was neutralized with 2 pl of 0.8M HQ1, and ae~Ivity 
t hen  de%ermined d i r e o t l y ,  as deeor ibed  f o r  f i g u r e  1 .  Data r e p r e s e n t s  ~ s epa ra t e  
exper iments ,  and the d i s p e r s i o n  of the  da t a  i s  g iven  as the s t andard  e r r o r  of 
the mean (68~ ¢onf~denae l i m i t s ) .  

To check the specificity of the reaction under these condi- 

tions, aliquots were removed, subjected to alkaline hydrolysis 

(0.3 M KOH, 18 hr, 37o), and the four major nucleotides separated 

using paper electrophoresis at pH 3.5 (in O.05M HCOONH 4 at 25 

V/cm for 8 hours; Davidson and Smellie, 1952), at which pH~MP is 

not resolved from GMP. The reaction specificity may be inferred 

from the apparent base composition of tRNA following reduction 
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(Table I), as only the UMP is observed to decrease. Minor nucleo- 

tides are not detectable by this method. 

Reaction time 

Table I. 

0 min 

Composition of tRNA (%). 

40 min 
% at 40 min 

% at 0 min 

UMP 22.0!0.8 15.7!0.4 0.72!0.04 
GMP + ~MP 32.0~0.7 35.7±0.3 i.ii!0.03 
AMP 20.2!0.2 21.7±0.2 1.07~0.02 
CMP 25.8+0.2 2'7.0+0.3 1.05+0.02 

Reduction was carried out using NaBH~ to determine the num- 

ber of hits per tRNA molecule (Figure 4). Following the initial 
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F igure 4 .  Up*eke o f  H~ during r e d , o r i o n  o f  ~ENA ~ s i n g  N aBH~. Reaation: con-  
d i t i o n s  are g iven  f o r  f i g u r e  ~ .  At the i n d i c a t e d  thnee ,  d u p l t e a t e  10 p l  a l l -  
quote  were removed, s p o t t e d  on pre-mo~stened g l a s s  f i b e r  f i l t e r s ,  and r insed  
wi th  ten 4 ml p o r t i o n s  of  so ld  ~ TOAB and 1 ml of  a c e t o n e .  Data r e p r e s e n t s  
~he m~an o f  4 experlments~ and %he d i s p e r s i o n  o f  the  data  i s  g iven  as  the  
standard e r r o r  o f  the mean. 

rapid uptake of H 3, corresponding to 3 to 4 hits per tRNA molecule, 

the rate decreased six-fold. At the maximum extent of reaction, 

about 8 hits per tRNA molecule had been introduced. Assuming a 
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chain length of 80 for the average tRNA molecule, there are about 

18 UMP residues available for reaction. 

To determine the extent of disruption of secondary structure 

of the tRNA optical rotary dispersion spectra were obtained. At 

0, 20, and 40 minutes, the reaction was stopped by the addition 

of 54~i of IM HCI, then diluted into 26.8 ml of a buffer contain- 

ing 0.01 M MgCl 2 and 0.005 M Tris-chloride, pH 7.5, to give an 

A260 of 1.5. Spectra were obtained with a Cary 60 spectropolari- 

meter. The decrease in magnitude of the rotation difference 

(Table II) is so marked as to indicate that the secondary structure 

is being altered throughout the region where inactivation is ob- 

served. 

TABLE II. Change of optical rotation: 

Reaction time 

0 min 
20 min 
40 min 
0 min (hydrolysate) 

[~]278m~-[~]252m~ 

[~] 

3920 deg 
3660 deg 
320.0 deg 
1070 deg 

That the magnitude of this rotational difference may be taken as 

an index of secondary structure is suggested by the observation 

that this difference decreases with increasing temperature of 

tRNA solutions (Sarin, Zamecnik, Bergquist, and Scott, 1966). 

DISCUSSION 

The number of hits per tRNA molecule required to inactivate 

alanine acceptance can be estimated by assuming that the hits 

are introduced at random, and that their distribution within the 

population of tRNA molecules is described by the Poisson function. 
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On this basis the fraction of molecules, N/No, which can still ac- 

cept alanine when an average of k hits per molecule have been in- 

troduced is taken as the fraction containing fewer than k hits, 

and may be calculated using the expression, 

N/N 
o 

~_ ~ Ax 

./ 

x=O e ~ x : 

for x hits, which varies from zero to (k-l) for the surviving 

molecules. The time required to introduce k hits, the number 

postulated to be necessary for inactivation, is obtained from 

the H 3 uptake curve (Figure 4): with this, the theoretical zero 
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Figure  ~ .  Observed end p~edie ted  rupee o f  i n a c t i v a t i o n  o f  a l a n i n e  aeeep taaoe .  
O~rve deaigna~ed obeerved ie  the ae t ae l  deerease  of  aeeep tan ,  e expree=ed as a 
pereen tage  of  i n i t i a l  a o t i v i t y .  Qurvee de=ignated by ~ ere  the  e a l e a l a t e d  
i n a e t i v a t i o n  e~rveo assuming tha t  ~ h i t s  per  molecule  a re  r equ i red  f o r  i n a e t l -  
Ta t io~ .  The time needed to i n t roduce  ~ h i t=  per  molee~le wae ob ta ined  from 
the  H / uptake experiment shown in  f i g u r e  4 .  
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order inactivation curves can be calculated for comparison with 

the observed rate of inactivation, as shown By Figure 5. This 

analysis rests on the fundamental assumption that the species of 

tRNA which accept alanine are affected in the same way as the 

population of tRNA molecules as a whole. On this basis, about 8 

uracil residues must be reduced before alanine acceptance is in- 

activated, but by'then, disruption of tRNA secondary structure 

has progressed rather far. Further work with purified tRNA will 

be required to improve the correlation of the number of hits with 

inactivation of acceptance activity, and to locate the site of 

the hits. 

A number of other workers have determined the effects of spe- 

cific chemical modifications of bulk yeast tRNA on alanine accep- 

tance (Cerna, Rychlik, and Sorm, 1964 and 1966; Rake and Tener, 

1966; Yoshida, Duval, and Ebel, 1966; Muto, Miura, Hayatsu, and 

Ukita, 1965; Kikugawa, Muto, Hayatsu, Miura, and Ukita, 1967; 

Kisselev, Zaitseva, and Frolova, 1965). Their results are not 

strictly comparable since differences exist for sources of tRNA 

and yeast extract, as well as assay conditions. Three of the re- 

ports, however, mention modification of UMP. Cerna et al. (1964) 

found that treatment of yeast tRNA with hydroxylamine at pH 9, a 

reaction fairly specific for uracil which results in ring open- 

ing (Schuster, 1961), gave only about 5% inactivation of alanine 

acceptance although an average of 6 hits per molecule were intro- 

duced, and the other acceptance activities assayed were decreased 

by 20 to 60%. Kisselev et al. (1965) also found that alanine ac- 
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ceptance was relatively resistant towards this modification. And 

from the data of Yoshida et al. (1966), using ICl to iodinate ura- 

cil, it can be calculated that 8 to 9 hits per tRNA molecule were 

required to inactivate alanine acceptance. 

Thus alanine acceptance activity is rather insensitive to- 

wards modification of uracil, and it is likely that the loss of 

this activity following photochemical reduction is due to general 

disruption of the ordered tRNA structure. 
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