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Summary: An enzyme a c t i v i t y  has been detected in b a c t e r i a l  ce l l  
e x t r a c t s  and l i v e r  homogenates which removes the isopenteny l  side 
chain from isopen teny la ted  species of t r a n s f e r  RNA. The s i t e  of 
cleavage does not invo lve  the a l l y l i c  double bond in the side 
chain but seems to i nvo lve  C-N bond cleavage. The enzyme shows 
no a c t i v i t y  when the f ree nucleoside is used as a subs t ra te .  The 
presence of t h i s  enzyme suggests tha t  c e l l s  may have the a b i l i t y  
in v ivo to demodify species of tRNA which conta in  isopenteny l  
adenosine nuc leo t i des .  

INTRODUCTION 

Species of am inoacy l - t r ans fe r  RNA which respond to codons 

beginning wi th the l e t t e r  U of ten conta in the modi f ied nucleoside 

N6-(A2-isopentenyl)adenosine (i6A) or 2-methylthio-i6A adjacent to 

the 3' end of the ant icodon (1 ,2 ) .  The ex ten t  of m o d i f i c a t i o n ,  

tha t  is the format ion of i6A or 2 - m e t h y l t h i o - i 6 A ,  appears to vary 

wi th the growth cond i t i ons  of the c e l l s  under i n v e s t i g a t i o n .  The 

presence of i6A or i t s  me thy l th io  d e r i v a t i v e  seems to be un iversa l  

in so fa r  as they occur in tRNA species from most organisms in -  

c lud ing  p l an t s ,  mammals and microorganisms (3) .  Although the exact 

exp lana t ion  fo r  the regu la r  occurrence of these modi f ied nucleo- 

sides adjacent  to the ant icodon is not known i t  is c lear  tha t  the 

presence and i n t e g r i t y  of such mod i f i ca t i ons  is necessary fo r  pro- 

per codon-ant icodon i n t e r a c t i o n .  

In t h i s  paper we repor t  the ex is tence of an enzyme a c t i v i t y  

which removes the isopenteny l  moiety from i6A res idues at the t r ans -  
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f e r  RNA l e v e l .  The presence o f  t h i s  enzyme suppor ts  the view t h a t  

the c e l l  may use a f a c i l e  mechanism f o r  r e g u l a t i n g  the a v a i l a b i l i t y  

of  c e r t a i n  spec ies o f  t r a n s f e r  RNA namely m o d i f i c a t i o n  ( i s o p e n t -  

e n y l a t i o n )  and d e m o d i f i c a t i o n  (removal of  i s o p e n t e n y l  groups) at  the 

macromolecu lar  l e v e l .  

EXPERIMENTAL 

M a t e r i a l s .  Q u a n t i t i e s  of  2 - [14C] -DL-meva lona te  (10.3 mc/mm) and 
8 - [ 1 4 C ] - a d e n i n e  (51.1 mc/mm) were ob ta ined  from Amersham. 5- [14C]  - 
DL-mevalonate (11.8 mc/mm) was purchased from Scnwarz-Mann and 
2 - [3H ] -DL-meva lona te  (6 .25 c/mm) was ob ta ined  from New England Nu- 
c l e a r .  Lyzozyme and r i b o n u c l e a s e  A p r e p a r a t i o n s  were purchased 
from Sigma Chemicals .  A l l  o the r  chemica ls  were commercial pre-  
p a r a t i o n s ,  

L a b e l l i n g  and I s o l a t i o n  of  t r a n s f e r  RNA. 
L a c t o b a c i l l u s  a c i d o p h i l u s  c e l l s  (ATCC 4963) were grown in  the 

r e g u l a r  s t r e n g t h  s e m i s y n t h e t i c  medium desc r ibed  by Thorne and Kodi 
cek ( 4 ) ,  supplemented w i t h  0.68 ~moles of  2 - [ 14C ] -DL -meva lon i c  ac id  
per l i t e r  o f  c u l t u r e  medium. A f t e r  the c u l t u r e s  had grown to l a t e  
log phase (about  6 hours)  the c e l l s  were harves ted  by c e n t r i f u g a t i o n .  
T r a n s f e r  RNA was i s o l a t e d  and p u r i f i e d  accord ing  to the phenol ex- 
t r a c t i o n  procedure of  Ho l l ey  (5) mod i f i ed  as f o l l o w s .  The DEAE- 
c e l l u l o s e  column was washed w i th  ten bed volumes of  O.IM NaCI in  
O.IM T r i s - c h l o r i d e ,  pH 7.6 .  The t r a n s f e r  RNA was e lu ted  w i t h  I.OM 
NaCI in  the same b u f f e r .  The RNA s o l u t i o n  was desa l ted  by d i a l y s i s  
or by u l t r a f i l t r a t i o n  on UM-IO membranes (Amicon C o r p o r a t i o n ) .  The 
r e s u l t i n g  t r a n s f e r  RNA has a sed imen ta t i on  va lue of  4 .12.  The spe- 
c i f i c  a c t i v i t y  o f  a t y p i c a l  p r e p a r a t i o n  was 1090 dpm per A257 u n i t  
o f  t r a n s f e r  RNA. 

The p o s i t i o n  of  the labe l  in  the t r a n s f e r  RNA was v e r i f i e d  by 
chemical  and enzymic h y d r o l y s i s .  A l k a l i n e  h y d r o l y s i s  of  t r a n s f e r  
RNA l a b e l l e d  by the method desc r ibed  gave a p roduc t  w i t h  Rf of  0.49 
in  a s o l v e n t  system c o n s i s t i n g  of  i s o p r o p y l  a l c o h o l ,  concen t ra ted  
ammonium hyd rox ide  and water  ( 7 : 1 : 2 ) .  Cochromatography w i t h  i6Ap 
conf i rmed the i d e n t i t y  of  the expected p roduc t .  Acid h y d r o l y s i s  o f  
the nuc l eos i de  ob ta ined  from i6A monophosphate a f t e r  phosphomono- 
es te rase  t rea tmen t  gave the two expected produc ts  (6 ) .  In a l l  t r a n s -  
f e r  RNA p r e p a r a t i o n s  l a b e l l e d  w i t h  2 - [ 3H ] -meva lona te  or 2 - [14C] -meva-  
l ona te  the labe l  is  con f i ned  to i6A res idues  in the i n t a c t  t r a n s f e r  
RNA molecu les ( I ) .  

P rePara t ion  of  the Enzyme E x t r a c t .  
L i q u i d  c u l t u r e s  of  L. a c i d o p h i l u s  (ATCC 4963) were grown in  the 

s e m i s y n t h e t i c  medium of  Thorne and Kodicek (4) and the c e l l s  were 
harves ted  by con t i nuous  f low c e n t r i f u g a t i o n .  The c e l l s  were washed 
w i t h  O.OIM T r i s - c h l o r i d e  pH 7.5 c o n t a i n i n g  O.O01M MgCI2 and O.O01M 
mercap toe thano l ,  The f i n a l  p e l l e t  was suspended in the above b u f f e r  
us ing 0.5 ml per gram of c e l l s .  The c e l l s  were lyzed by i n c u b a t i n g  
the suspens ion w i th  lyzozyme ( I0  mg/gm c e l l s )  f o r  one hour at  37 ° • 
The d i g e s t  was app l i ed  to a sephadex G-75 column (40 x 2 cms) and 
the column e l u t e d  w i th  the b u f f e r  desc r ibed  above. F r a c t i o n s  con- 
t a i n i n g  a c t i v e  enzyme were pooled.  

A work ing  s o l u t i o n  of  enzyme was prepared from f resh  bov ine 
l i v e r  as f o l l o w s .  The l i v e r  sample was homogenized in  two volumes 
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of O.IM T r i s - c h l o r i d e  pH 7.6 bu f f e r  con ta in ing  0.01 MgCI2. The ho- 
mogenate was f i l t e r e d  through several  layers  of cheesecloth to re-  
move buoyant m a t e r i a l .  The f i l t r a t e  was cen t r i f uged  at 42,000 x g 
fo r  45' The supernatant  s o l u t i o n  contained ac t i ve  enzyme and 
served as a working s o l u t i o n .  

Enzyme Assays. Pro te in  de terminat ions  were made according to the 
method of Lowry et a l .  The amount of enzyme a c t i v i t y  was measured 
by determin ing the amount of r a d i o a c t i v i t y  released from the sub- 
s t r a t e  t r a n s f e r  RNA. A t y p i c a l  incubat ion  mix tu re  contained 0.5 
to 1.5 A257 u n i t s  of l a b e l l e d  t r a n s f e r  RNA, 50-75 micrograms of 
p ro te in  and 75 #moles of T r i s - c h l o r i d e  b u f f e r ,  pH 7.6 in a f i n a l  
volume of 0.2 mls. 

A f t e r  incubat ion  at 37 o fo r  one hour the reac t ion  mix ture 
was spot ted d i r e c t l y  onto Whatman #3 MM chromatography paper. 
A f t e r  development in a so lven t  system c o n s i s t i n g  of i sopropy l  a lco-  
ho l : concen t ra ted  ammonium hydrox ide :wate r  ( 7 : 1 : 2 ) ,  the chromatogram 
was cut in to  0.5 cm segments and the r a d i o a c t i v i t y  in each segment 
measured in a s c i n t i l l a t i o n  counter .  

DISCUSSION AND RESULTS 

The r e l a t i o n s h i p  between the s p e c i f i c  a c t i v i t y  of t r a n s f e r  

RNA and the concen t ra t ion  of 2- [14C]-mevalonate in the cu l t u re  med- 

ium is shown in Fig. I .  

For these s tud ies  i t  is  of paramount importance to ensure 

tha t  a l l  of the r a d i o a c t i v i t y  in the subs t ra te  t r a n s f e r  RNA is con- 

Fig.  I .  
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The spec i f i ~  a c t i v i t y  of t r a n s f e r  RNA in response to 
vary ing 2-[D4C]-DL-mevalonate concen t ra t i on .  The 
growth cond i t i ons  and tRNA p u r i f i c a t i o n  were as des- 
c r ibed in the t e x t .  
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f i n e d  e x c l u s i v e l y  to i s o p e n t e n y l  adenosine r e s i d u e s .  Each p repa r -  

a t i o n  of  14C- or 3 H - l a b e l l e d  tRNA is  chromatographed (see methods) 

before  and a f t e r  h y d r o l y s i s  w i t h  IM naOH. I n t a c t  t r a n s f e r  RNA 

remains at  or  near the o r i g i n  (R f :O .04 ) .  The mononuc leo t ide  i6Ap 

(2 '  and 3' isomers co-chromatograph)  i s  the on l y  l a b e l l e d  p roduc t  

(Rf=O.49) ob ta ined  by a l k a l i n e  h y d r o l y s i s .  A f t e r  phosphomono- 

es te rase  t r ea tmen t  of  the l a b e l l e d  n u c l e o t i d e ,  a l l  of  the r a d i o -  

a c t i v i t y  is  recovered as the n u c l e o s i d e ,  i6A.  These exper iments  

prove t h a t  the s u b s t r a t e  t r a n s f e r  RNA employed in these exper iments  

c a r r i e s  the r a d i o a c t i v i t y  from l a b e l l e d  mevalonate e x c l u s i v e l y  in 

the s ide cha ins  of  i s o p e n t e n y l  adenosine r e s i d u e s .  

When the s i d e - c h a i n - l a b e l l e d  t r a n s f e r  RNA is  i ncuba ted  w i t h  

enzyme the r a d i o a c t i v i t y  is  l o s t  from the t r a n s f e r  RNA and migra tes  

as a f a s t  moving f ragment  near the s o l v e n t  f r o n t  (Table I ) .  The 

a c t i v i t y  was des t royed  when the enzyme s o l u t i o n  was heated to I00 ° 

f o r  I0 m inu tes .  To determine t h a t  the r a d i o a c t i v i t y  was re leased 

by c leavage of  the i s o p e n t e n y l  s ide cha in  and not  as a consequence 

of  p o s s i b l e  nuc lease a c t i o n  on the t r a n s f e r  RNA, the f o l l o w i n g  ex- 

per iment  was per formed.  D o u b l y - l a b e l l e d  i6A-tRNA was i s o l a t e d  from 

TABLE I .  Enzymic h y d r o l y s i s  o f  i s o p e n t e n y l - l a b e l l e d  i6A-tRNA a 

Assay Subs t ra te  Product  
dpm dpm 

i6A-tRNA 1515 ~ 12 0 

i6A-tRNA + enzyme 36 ~ 14 1445 ~ 16 

a The i s o p e n t e n y l  
methyl groups.  
t e r m i n a t i o n s .  

s ide cha in  con ta i ns  14C+labelMin the t e rm ina l  
Assay va lues are means - S.E. . o f  e i g h t  de- 

3 4 8  
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~. a c i d o p h i l u s  c e l l s  which had been grown in the presence of  8 - [14C]  - 

adenine and 2 - [ 3 H ] - m e v a l o n a t e .  Under i n c u b a t i o n  c o n d i t i o n s  in which 

78 to 95% of  the 3H counts were removed from t h i s  doubly  l a b e l l e d  

.6 i A-tRNA the re  was no d isappearance of  14C counts from the s u b s t r a t e  

tRNA (see Table 2 ) .  Th is  r e s u l t  i n d i c a t e s  t h a t  the re  is  no d e t e c t -  

able h y d r o l y s i s  o f  the tRNA by nuc lease a c t i o n  and suppor ts  the 

no t i on  t h a t  the enzyme is  removing the i sopen teny l  s ide chain from 

i6A res idues  in the s u b s t r a t e  i6A-tRNA. 

From a chemical  v i e w p o i n t  one might  expect  the c leavage of  the 

i sopen teny l  s ide chain to occur at  the a l l y l i c  double bond in the 

s ide chain or  at the C-N bond l i n k i n g  the s ide  chain to the exo- 

c y c l i c  amino n i t r o g e n  of  adeny la te  r e s i d u e s .  When 2 - [14C] -meva-  

l ona te  is  used as a p recu rso r  the i sopen teny l  s ide chain is  l a b e l l e d  

at the t e rm ina l  methyl groups.  When 5- [14C]  mevalonate is  used as 

a p r e c u r s o r  the i sopen teny l  adeny la te  res idues  in i6A-tRNA are l a -  

be l l ed  at  the carbon atom ad jacen t  to the amino n i t r o g e n  on carbon 

6 of  adenos ine.  Thus, the use o f  i6A-tRNA b i o s y n t h e s i z e d  us ing each 

TABLE 2. Enzymic h y d r o l y s i s  of  i6A-tRNA which is  l a b e l l e d  on 
both the pu r ine  r i n g  and the i sopen teny l  s ide  cha in .  

Assay Subs t ra te  (dpm) Product  (dpm) 
3 H 14 C 3 H 14 c 

i6A-tRNA a 8805 1778 

i6A-tRNA + enzyme 1850 1590 6470 

i6A-tRNA + enzyme b 424 1545 7987 

a The 3H labe l  is  on the methyl carbons of  the i sopen teny l  s ide 
chain and the 14C labe l  is  carbon atom 8 of  adenine.  

b I ncuba t i on  t ime was extended to fou r  hours .  
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TABLE 3. Enzx~ic hyd ro l ys i s  of i6A-tRNA b iosynthes ized from 
5- [ l~C] -meva lonate  and 2- [14C]-mevalonate.  

tRNA Substrate Product % 
dpm dpm hyd ro l ys i s  

i6A-tRNA (from 5- [14C]-mevalonate 810 

i6A-tRNA (from 2- [14C]-mevalonate 758 

641 79 

582 77 

of these precursors separa te ly  permits one to d i s t i n g u i s h  between 

a l l y l i c  double bond cleavage and C-N bond cleavage, The r e s u l t s  

of such an experiment are shown in Table 3. The two types of i6A - 

tRNA were hydrolyzed to the same ex tent  under a l l  cond i t i ons  tes ted .  

That i s ,  the ex ten t  of removal of carbon counts from the proximal 

and d i s t a l  ends of the isopentenyl  side chain was i d e n t i c a l .  This 

shows tha t  the cleavage po in t  is  not the a l l y l i c  double bond on the 

isopenteny l  side chain and suggests tha t  the c a t a l y s i s  invo lves  C-N 

bond cleavage. 

The presence of th i s  enzyme suggests tha t  c e l l s  may have the 

6 a b i l i t y  in v ivo to demodify i A -con ta in ing  species of t r a n s f e r  RNA, 

Others have shown tha t  chemical a l t e r a t i o n  (7) or incomplete b io -  

synthes is  (8) of i6A residues leads to an a l t e red  codon response or 

a d imun i t ion  of t r a n s f e r  RNA func t i on .  White et a l .  (9) have demon- 

s t ra ted  a mod i f i ca t i on  in Drosophi la t r a n s f e r  RNA i n v o l v i n g  the nu- 

c l e o t i d e  Q6p and Schaeffer  et a l .  ( I0 )  h~ve descr ibed the ex is tence 

of r i bo thym id i ne -  and pseudour id ine- fo rming a c t i v i t i e s  in E. c o l i .  

I t  remains to be shown whether these modi fy ing enzymes or the de- 

modi fy ing a c t i v i t y  descr ibed in the present paper play any ro le  in 

the regu la t i on  of p ro te in  synthes is  at the t r a n s l a t i o n a l  l e v e l .  
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