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1) Comparison of substrate base sequences for RNA-
  ligase reactions in the synthesis of a  tetradeca. 

 nuclgaide corresponding to bases 21-34 of E.  col. 
 tRNA 

    E.  Ohtsuka, T. Doi, H. Uemura, Y.  Taniyama & 
 M. Ikehara (1980) Nucleic Acids Res. 3909 

 ('‘c*;1'  "tiZ-NArn  214lit•5'  3441  44  •=  14-merd)  RNA  l^lase 444 Aug gst 
2) ModWcation of the anticodon triplet of E.  coli 
  tRNAf by replacement with trimers complementary 

  to non-sense codons UAG and UAA. 
    E. Ohtsuka, T. Doi, R. Fukumoto, J. Matsugi & 

   M. Ikehara (1983) Nucleic Acids Res. 11, 3863 

  (E.  -tizNAro)  14-ik.ry  UAA  Nr_ifk    nA=F7200 

3) Replacement and insertion of  mgEleotides at the 
  anticodon loop of E. coli tRNAf by  ligation of 

  chemically synthesized ribooligonucleotides. 
    T. Doi, A. Yamane, J. Matsugi, E. Ohtsuka & 

 M. Ikehara (1985) Nucleic Acids Res. 13, 3685 
    4r-1/%5:‘‘/? 14-a,•aat;cynE..col i 

 ,pro, IA,IA, 11)\ 

4) Modificatiomf the amino acid acceptor stem of 
  E. coli tRNAf by ligation of chemically synthe-

   sized ribooligonucleotides. 
    T. Doi, H. Morioka, J. Matsugi, E. Ohtsuka &  M. 

   Ikehara (1985) FEBS Letters 190, 125 

             il^T J a".g 1.4.5-1-"o?  Vrt°03,11z. -etZNArm



5) The in vivo stability, maturation and amino-
  acylation of anticodon-substituted Escherichia  coli 

  initiator methionine tRNAs 
   H.  Grosjean, S. DeHenau, T. Doi, A. Yamane, E. 

   Ohtsuka,  M. Ikehara, N. Beauchemin, K. Nicoghosian 
   & R. Cedergren (1987) Eur. J. Biochem. 166, 325 

1) A new method for  3'-labelling of  polyribonucleo-
  tides by phosphorylation with  RNA ligase and its 

  application to the 3'-modification for joining 
  reactions. 

   E. Ohtsuka, H. Uemura, T. Doi, T. Miyake, S. 
   Nishikawa &  M. Ikehara (1979) Nucleic Acids Res 

 6, 443 

  f gK1A 1: last i.e. -1-:_ (-1---1-1--0  3  'Isij-W  0 
    4.0 kt;d7 k4-5 3/4/erp A 1-,r) A 

2) Total synthesis of a RNA molecule with  seauence 
  identical to that of Escherichia coli formyl-

  methionine tRNA. 
   E. Ohtsuka, S. Tanaka, T. Tanaka,  T.  Miyake, A. F. 

   Markham, E. Nakagawa, T. Wakabayashi, Y. Taniyama, 
   S. Nishikawa, R.  Fukumoto, H. Uemura, T. Doi, T. 

   Tokunaga &  M. Ikehara (1981) Proc. Natl. Acad. 
 Sci. U.S.A.  78, 5493 

 (t‘  col;  -t-RMAV'to  latAZA  re  -? 
3) Chemical  synthesis of the  5'-half molecule of 
  E. coli  tRNA  X. 

   E. Ohtsuka, A. Yamane, T. Doi &  M. Ikehara (1984) 
   Tetrahedron 40, 47 

       -UZNIXT217 A 51 *4 VNCI









31Ej. Reaction conditions for joining 
 acceptor donor ATP -RNA ligase time  Reaction

,Yie  nmol jp141 nnol [W41 
FM [unit/all) hr extent"' 

                   % 1 
UC UCG (3) pGGCUp (2) 333 250 1 15 4 

 12[100) 20[1571 — 

UAGC(6) pUCGUCGGGCUp(5) 200 180 2 27 11 

UAGC(6) pUCGUp(7) 200 100 ' 3 .5 88 ' 71  30[
1561 2011001 

U GCUCGU(9) pCGGGCUp(10) 200 214 . 2 52  31  7[100) 8[114) 

 Incubation mixtures contained 10%  DMSO and the temperature was 
 25°. 

 a) Estimated by homochromatography. 
 b) The  compound was isolated after kination.

acceptor donor ATP -RNA ligase time  Reaction
,Yie1d nmol jp141 nnol [W41 

FM [unit/m11 hr extent"' 

UC UCG (3) pGGCUp (2) 333 250 1 15 4 
12[100) 20[1571 — 

UAGC(6) pUCGUCGGGCUp(5) 200 180 2 27 11b) 
1.2[2TO] 0.4[80] 

UAGC(6) pUCGUp(7) 200 100 ' 3 .5 88 ' 71 30[
1561 2011001 

 31b) U GCUCGU(9) pCGGGCUp(10) 200 214 . 2 52 7[10
0) 8[1141
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 Py  pyrimidine 
  Pu purine 
   D  5,6-dihydrouridine 
  T 5-methyluridine 
  U pseuduridine 
 skU  4-thiouridine 
 Cm -  2'  -0-methyIcytidine 

 m7G  7-methylguanosine 
 -t6A N- [9-  (p-o-ribofuranosyl)  purin  -6-ylcarbamoyl]  - 

             threonine 
    -s   3_A 6-  (e  -isopentenyl)  adenosine 

 P.N.kinase polynucleotide kinase 
 PAP bacterial alkaline phosphatase 

 ARSase  aminoacyl-tINA synthetase 
Met RSase  methionyl-tRNA synthetase 
Gly RSase  glycyl-tRNA  synthetase 

 EF-Tu  elongation factor Tu 
 BSA bovine  serun  alburdine 

 This tris  (hydroxymethyl)  aminomethane 
 BEFES  N-2  -hydroxymethylpiperazine-N'  -2-ethanesulfonic 

            acid 
 TEAB  triethylammonium  bicarbonate 

DTT dithiothreitol 
 p  -NE  p-mercaptoethanol 
 EDIA.  ethylenediaminetetraacetic  -acid 

 NM. nitrilotriacetic acid 
ZLA  trichioroacetic acid 

 DMSO  dimethyl sulfoxide 
 SDS sodium  dodecylsulf  ate 

 ¶I  ED  N,N,N'  ,N'-tetramethylethylenediamine 
 X.C. xylene  cyanol FF 

 B.P.B.  bromophenol  blue 
 32ID 

 PEP paper electrophoresis 
 PAGE polyacrylamide  slab gel  electrophoresis 

 PAGE (disk)  polyacrylamide disk gel  electrophoresis



















            Reaction conditions for joining 

 acceptor donor , ATP RNA ligase time ReactioR,Yield 
 nmol [pa nnol 41,4] pM [unit/ml] hr extent ' 

 UCGUCG (3) pGGCUp (2) 333 250 1 15 4 
 1211001 20[167] — 

                                                  11b)  UAGC(6) pUCGUCGGGCUp(5) 200 180 2 27 

 UAGC(6) pUCCUp(7) 200 100 3.5 88 71 
 30[1561 20[1001— 

                                                    31b)  UAGCUCGU(g) pCGGGCUp(10) 200 214 2 52 
 7[100] 8[114] . 

 Incubation mixtures contained 10%  DMSO and the  temperature was 
 25•. 

• 

 a) Estimated by  homochromatography. 
 b). The compound was isolated after  kination.. •

acceptor donor , ATP RNA ligase time ReactioR,Yield 
nmol [pa nnol [prol] pM [unit/ml] hr extent ' 

UCGUCG (3) pGGCUp (2) 333 250 1 15 4 
1211001 20[167] 

UAGC(6) pUCGUCGGGCUp(5) 200 180 2 27 11b) 

UAGC(6) pUCCUp(7) 200 100 3.5 88 71 
30[1561 20[1001— 

                                                   31b) UAGCUCGU(g) pCGGGCUp(10) 200 214 2 52 
7[100] 8[114] .

















































 tRNA-mRNA interaction  

tRNA  0.5pM mRNA tRNAfMettRNA tRNA tRNA 
mRNA 25 pM  CAUA  CAUAA  UCAU 
Tris-HC1(pH7.5) 0.1 M  AUG 100 0 0 33 

 Mg(0Ac)2 20  mM 
 KC1  50  mM  UGA 0 0 0 0 

E.coli ribosome 1.8pM UUA 0 0 3 0 
 305 or  705  

           20  pl           UAU 0 0 0 0 

   -  

 25°C,  30min.% relative to-tRNAMet -AUG 

                                         -                                    f                        , 

 millipore filtration



























































Substrate  [r  21p]ATP PN.  Kinase  Vol  ume  Time Yield

 (pm)  (um)  (units/ml)  )  (min.) (%)

1. UCGUp 100 152 50 500 60 46

GGCUp 100 150 100 1000  3040 19

3. CGGGCUp 50 100 69 720 45 85

4. UCGUCGGGCUp 23 75 47 20 60 76

5. CCGAAG 400 800 94 73 60 60

6. GUCGG 1000 1077 250 200 60 88

7. AAAp 101 187 64 692 30 100

UUCAAAp 100 143 179 140 45 53

9. GUCGUCGGUUCAAAp 80 160 64 25  30') 88

10. CCCCGCp 200 267 100 150 90 99

11. AACCAp 200 240 100 50 60 93

 12. UAGCUCGUCGGGCUp 55 300 300 40  50'9 95

13.
UCCGGCCCCCGC-

AACCAp
68 150 100 40  9043 93

 GUCGUCGGUUCAAA-
14. UCCGGCCCCCGC- 74 148 111 27  90") 83

AACCAp





 Acceptor Donor ATP RNA Ligase  Volume TimeIC Yield
 (pm)  (pm)  (pm) (units/ml)  (pl  )  (hr.) ( % )

1. UCGUCG 100 pGGCUp 167 333 250 120 1 .0 4
2. UAGC 240 pUCGUCGGGCUp 80 200 180 5 2 .0  11a)
3. UAGC 150 pUCGUp 100 200 100 200 3 .5 71
4. UAGCUCGU 100 pCGGGCUp 114 200 214 70 2 .0  314)

5. CAUAAC 1000  pCCGAAG 100 200 100 80 1 .0 39
6. GUC 2000 pGUCGG 100 200 50 1730 0 .7 40
7.  UUC 400 pAAAp 200 400 100 165 1 .0 73

 8.• GUCGUCGG 150 pUUCAAAp 100 200 140 320 1 .0 36

9.
CAUAAC-

CCGAAG
150 pGUCGUCGG-

UUCAAAp
100 200 115 12 1 .0 52

10. UCCGGC 24 pCCCCGCp 10 40 50 2500 2 .0  330
11. UCCGGC 132 pCCCCGCp 100 200 100 280 2 .0 65

12.
 UCCGGC-

CCCCGC
101 pAACCAp 116 229 114 70 3 .0 38

 CGCGGGG- pUAGCUCGUCG-
13. UGGAGC- 74 GGCUp 111 227.  535 12 2 .0  31°

AGCCUGG

14. GUCGUCG-
GUUCAAA

200  pUCCGGCCCCCG-
CAACCAp

125 200 150 20  .2 .0 82

CAUAACC- pGUCGUCGGUUC-
15. CGAAG 159 AAAUCCGGCCC- 100 200 153 17 2 .0 32

CCGCAACCAp





Substrate
 (pM)

 [r2]ATP
 (pM)

 P.N.  Kinase
 (units/ml  )

 Volume
 (pl  )

 Time
 (min.) Yield
(%)

1.

2.

3.

 CCGGCCCCCGC-
AACCApp

AUCGAAACCGGC-
CCCCGCAACCAp

(43mer)p

94

100

100

150

200

300

150

250

100

40

30

12

80

75

45

99

83

55

Acceptor Donor ATP  RNA  Ligase Volume Time Yield

 (pM)  (pM) (pM)  {units/m.1)  (pl  ) (hr.) (%)

 1.  AUCGAAA 200 pCCGGCCCCCGC- 100 200 100 32 2.0 87
AACCAp

2.  CAUAACCC- pAUCGAAACCG-
GAAGGUC-148 GCCCCCGCAA- 100 200 100 21 2.0 60
GUCGG CCAp

 3.5'H 79 p(43mer)p 39 94 122 16 2.0  9')





Substrate
 (PM)

 D'  2MATP
 (PM)

 P.N.  Ki  nase
 (units/ml  )

 Vol  ume
 (ii  )

 Time
 (mi n.)

Yield
(0/0)

1. AACCAp
2. GACCA

167
100

133
157

173
167

30
30

60
60

50
70

Acceptor
 (pM)

Donor

 (pM)
 ATP
 (pM)

RNA  Li  gase
 (  uni  ts/ml  )

 Vol  ume
 (pl  )

 Time
(hr.) Yield
(%)

1
2

72mer
72mer

50
50

 pAACCAp
pGACCA

156
131

1250
1250

212
212

16
16

2.0
2.0

16
30







Substrate  210]  ATP  P.N. Ki  nase  Vol  ume  Time Yield
 (Pm)  (Pm)  (units/ml)  (P1  )  (min.) ( % )

1. 3' Hp 67 100 67 120 120 56
3'  Hp 78 117 122 50 70 85' 3

. CAUA 150 100 50 100 90 59
4.  CAUAAp 99 150 99 80 90 63
5.  .UCAU 100 100 50 300 180 56
6. ACAUp 106 83 37 141 60 47
7. GCAUp 100 78 87 150 120 83
a CCAUp 120 90 90 167 120 93
9. UUCAUp 104 80 80 125 120 89

10. CAA
11. CAC

 12. CAG
 13.
14.

CAU
GAA

340 260 180 50 90
70
99

15. GAC
16. GAG

 17. GAU





Acceptor 
 OM)

 1. CAUA 
 2.  5'H 
 a  5'H 
 4.  5'H 
 5.  5  '  HpCAUA 

6.  5  'HpCAUAA 
 7.  5'  HpUCAU 

 8.  5'H 
 9.  5'H 
 10.  5'  H 

 11.5  'H 
12.  5.'HpACAU 
13.  5'  HpGCAU 
14.  5'  HpCCAU 
15.  5'  HpUUCAU 

 16.  5'H-1 
 17.  5  'H-1 

18.  5'H-1 
19.  5'  H-1  -pACAU 
20. 5  '  H-1-pCCAU 
21.  5  'H-1-pUCAU 

 22. 5'H 
 5`H 
 24.  5  H 

 25.  5'H 
 26.  5'H 
 27.5'H 

 28.  5'H 
29.  5'H 
30. 5  'HpCAA 
31.  5'  HpCAC 
32.  5  'HpCAG 
33.  5  'HpCAU 
34.  5  'HpGAA 
35.  5  'HpGAC 

36.  5'  HpGAG 
37.  5  'HpGAU

1425 

 66 
100 
 80 

 30 
 50 
 75 

100 

100 
100 
100 
 63 

 56 
 50 
 50 
 67 
 67 
 67 
 60 
 50 

 10

67

13

Donor 

 (PM)

 p3'Hp 
pCAUA

 pCAUAAp

 pUCAU-
p31Hp 
p3'Hp 
p3'Hp 

pACAUp 
pGCAUp 
pCCAUp 
pUUCAU 
p3'Hp 
p3'Hp 
p3'Hp 
p3'Hp 
pACAUp 
pCCAUp 
pUCAUp 
p3'Hp 
 p311-1p 
p3'Hp 

pCAA 
 pCAC

pUUCAUp

 pCAG 
pCAU 
pGAA 
pGAC 
pGAG 
pGAU 
p3'Hp 
p3'Hp 
p3'Hp 
p3'Hp 
p3'Hp 
 p3'Hp 
 p3'Hp 
p3'Hp

95 
66 

125 
167 
120 
125 
156 
125 
240 
200 

200 
125 
125 
125 
125 
400 
400 
200 

96 
96 
48

 300

3

ATP 
 (PM)

RNA  Li  gase 
 uni  ts/m1  )

250 

133 
300 
300 
480 
875 
938 
500 

500 
500 
500 

1250 
1250 
1250 
1250 
 670 

 670 
 670 
200 

200 
200

667

600

143 
108 
100 
120 
241 
376 

375 
130 
130 
173 
173 
376 
376 
375 
375 
201 

201 
201 
344 
344 
344

200

300

 Volume 
 (pl)

 Time 
(hr.)

Yield 
(%)

40 
80 

40 
100 

25 
16 
16 
40 

40 
40 
40 
16 
16 
16 
16 
30 
30 
30 
10 

10 
10

30

3

2.0 
2.0 
2.0 

2.0 
2.0 
2.0 
2.0 
2.0 

2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 

2.0 
2.0 
2.0

2.0

2.0

 4 
11 
20 
16 
42 
40 

49 
25  4 

 234 
25 
25 
15 
 7 

21 
30 

30 
25 

5 
17 
17 
21 
17 
17 
10 
22 

30 
12 
13 
28









Substrate
 (PM)

 ['-]ATP
 (PM)

 P.N. Kinase
 (units/m1)

 Vol  ume
 (.11  )

 Time
 (min.)

Yield
(%)

1.
2.
 3.

CAUp
 3'  Hp
CGUCGGGCUCAUp

250
81

100

150
119
334

75
81

100

200
62

100

90
90
90

47
44
80



Acceptor Donor  ATP RNA Ligase  Volume  Time  Yield

 (pm)  (pM)  (pM)  (units/m1)  (pl)  (hr) (70)

1. 5'H(Gly) 100 pCAUp 200 400 100 70 2.0 7
2. 5'H(Gly)-

pCAU
31 p3'H(Met)p 138 1000 375 16 2.0 2

3. CGUCGGGCU 67 pCAUp 77 267 113 300 2.0 25
4. CGCGG 300 pGGUGGp 150 400 150 200 2.0 33

5. CGCGGGGU-
GG

200 pCGUCGGGCU-
CAUp

100 600 260 50 2.0 20

6. CGCGGGGU-
GGCGUCG- 75  p3'Hp 150 1000 340 10 2.0 3

GGCUCAU
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ABSTRACT  
     A tetradecanucleotide  U-A-G-C(U-C-G)p-G-C-Up corresponding 

to bases 21-34 of a nascent sequence of  formylmethionyl tRNA of 
E.  coli has been synthesized by the joining of two combinations 
of chemically synthesized oligonucleotides: 1) U-A-G-C + U-C-G-
U-C-G + G-G-C-Up and 2) U-A-G-C + U-C-G-U + C-G-G-G-C-Up. In 
reaction 1) the extent of joining  *pG-G-C-Up to U-C-G-U-C-G was 
only 15.4% and the last ligation of the  decamer to U-A-G-U 
proceeded to 27%. In reaction 2) joining between U-A-G-C and 

 pU-C-G-Up gave a high yield (88%). The ligation of this octamer 
and  *pC-G-G-G-C-Up also gave a satisfactory yield (52%). These 
reactions suggest that sequence preferences in RNA ligase reac-
tions may arise from the structure of the 3'-end of acceptor 
molecules. 

INTRODUCTION  

     We have previously reported the joining of chemically syn-

thesized tRNA fragments with RNA ligase to yield  3'2- and  5'3-

quarter molecules of  E.  coli  tRNAlrt. In the present paper we 
describe syntheses of a tetradecanucleotide U-A-G-C-U-C-G-U-C-G-

G-G-C-Up which correspond to bases 21-34 of a nascent sequence 

of  tRNAMet             of E. coli (Fig. 1). Two different sets of synthetic 

oligonucleotides were used as substrates for RNA ligase to yield 

the tetradecanucleotide. As has been observed in  previous  joining 

reactions of synthetic  ribooligonucleotides,4,5) the extent of 

 joining  differed in each case. Some structural preferences of 

acceptor molecules in ligase reactions were observed in these 

reactions. 

MATERIALS AND  METHODS  

Nucleotides  

     All oligonucleotides used in this study have been  synthe-

© IRL Press Limited, 1 Falconberg Court, London  W1V 5FG, U.K. 3909
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Fig. 1

sized  chemically. 

Enzymes  

      RNA ligase was purified as described previously
.7 Polynuc-

leotide kinase was isolated from E . coli infected with T4  PseT1- 

amN8SP62 which was a generous gift of Dr
. A. Sugino. Other 

enzymes were obtained as described  previously
.2,4 

Kination and Ligation  

     Reaction conditions for 5'-phosphorylation using polyn
uc-

                                             .. leotide kinase and [0-32P]ATP were as described previou
sly. A 

two fold excess of ATP with respect to donor molecules was us
ed 

in RNA ligase reactions unless otherwise specified
, in the 

presence of 50  mM Hepes-NaOH (pH 8.3), 10 mM DTT, 10 mM  MgC1
2 10 pg/ml BSA

. 

Chromatography, Electrophoresis and Other Methods  

     Paper chromatography of  nucleotides in nearest neighbor 

analysis, gel electrophoresis and paper electrophore
sis for 

purification and identification of nucleotides were described 

 previously.2,3 Homochromatography8 was carried out using Homo-

mix  I-V19 and partial digestion with nuclease P1 was as describ -
ed previously.2 The joined products were isolated either by  ion -
exchange chromatography on DEAE-cellulose (DE-23

, Whatman) or
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electrophoresis on 20% acrylamide gel using a disk aparatus.3 

Desalting was performed by gel filtration on Sephadex G-50 

equilibrated with 0.05 M triethylammonium bicarbonate (pH 7.5). 

     Enzymatic digestion of  oligonucleotides for  characterization 

was as described  previously.2,3 

RESULTS  

 .Synthesis of the tetradecanucleotide  U-A-G-C-U-C-G-U-C-G-G-

G -C -Up (1) using the tetranucleotide  G  -G  -C  -Up (2)

     The oligonucleotides 2, 3 and 6 were used for the synthesis 

of the tetradecanucleotide 1 as shown in Chart 1. The  3',5'- 

bisphosphorylated tetranucleotide (2) was prepared by phosphory-

lation of G-G-C-Up with  0--32NATP and polynucleotide kinase. 

The 3'-phosphomonoester served as a blocking group to prevent 

self-polymerization in the next RNA ligase reaction. The tetra-

mer  (2) was joined to the hexamer with RNA ligase using the 

conditions shown in Table I. The extent of the reaction was not 

higher than 15% in spite of an excess of the enzyme. Alteration 

of temperature and other conditions did not improve the yield. 

The decamer 4 was isolated by a disk gel electrophoresis and 

phosphorylated  enzymatically to give 5. The decamer (5) was then 

joined to the tetramer (6). The result and reaction conditions 

are shown in Table I. The tetradecamer (1) was isolated by a 

preparative disk gel electrophoresis after treatment with poly-

nucleotide kinase and  [Y-32P]ATP. The overall yield was 11%. The 

elution profile from the gel is shown in Fig. 2.

UAGC 

 6

UCGUCG pGGCUp 

3  2 

    UCGUCGGGCUp 
        4 

   pUCGUCGGGCUp 
        5

Chart 1

UAGCUCGUCGGGCUp 
     1

 3911
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Table I Reaction conditions for joining

acceptor 
nmol  [RM]

donor 
nnol  [pM]

ATP 

 PM

RNA ligase time 
 [unit/mi] hr

Reaction 
 extent

Yield

 UCGUCG (3) 
 12[100] — 

 UAGC(6) 
 1.2[210] 

 UAGC(6) 
 30[15T1]

 UAGCUCGU(9) 
 7[100] —

pGGCUp  (2) 
 20  [167] 

 pUCGUCGGGCUp(5) 
 0.4[80] 

 pUCGUp(7) 
 20[100] 

pCGGGCUp(10) 
 8[114]

333

200

200

200

250

180

100

214

Zr-cro

clo

1

2

3.5

2

15

27

88

52

4

11b)

71

 31b)

Incubation mixtures contained 10% DMSO and the temperature was 
25°. 

a) Estimated by homochromatography. 
b) The compound was isolated after kination. 

    Alternative synthesis of the tetradecanucleotide (1) usinc

the hexanucleotide pC-G-G-G-C-Up (10)

set

 The tetradecanucleotide (1) 

of synthetic oligonucleotides

was prepared 

 as shown in

by using 

Chart 2.

a different 

The yield

 X 

E 

 d  5 
 U

          50 100 
                     fraction number 

Fig. 2 Elution profile of the products obtained by joining of 
U-A-G-C and  *pU-C-G-U-C-G*pG-G-C-Up, followed by phosphorylation 
with  polynucleotide kinase and  ATP, from a preparative disk gel 
(70  mm2 x 80  mm) at 600 V with a suction rate of 32  ml/hr. The 
last peak  contained  *pU-A-G-C*pU-C-G-U-C-G*pG-G-C-Up.
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Chart 2 1

pCGGGCUp 
  10

in joining 6 and 7 was nearly quantitative and that in joining 

the octamer (9) and the hexamer (10) was also satisfactory 

(Table I). The first joining product (8) was isolated by ion-
exchange chromatography on DEAE-cellulose as shown in Fig. 3 

and the 3'-phosphate was removed by phosphatase treatment to 

give 9. The nearest neighbor analysis of 1 was performed by 
digestion with  RNase T2 followed by identification of C*p and 

U*p in acidic electrophoresis (Fig. 4). The result showed com-

plete transfer of the  5'-phosphate to the tetramer (7) to the 
3'-end of 6 and the 5'-phosphate of 10 to the 3'-terminal U of

UI

 a

 .0

0.3

Fig. 3 Chromatography of the joined product,  U-A-G-C*pU-C-G-Up 
on a column (0.6 x 18 cm) of DEAE-cellulose (bicarbonate) equi-
librated with 0.15 M  triethylammonium bicarbonate. Elution was 
performed with a linear gradient of  triethylammonium bicarbonate 
(0.3-1 M, total 200  ml). The main peak contained the product.
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                  Cp Ap  Gp Up 
 0  0  0  0           cpm 

             200. 

             100. 

   0  lb 20 cm 

• Fig. 4 Nearest neighbor analysis of the joined product  U-A-G-C-
*pU-C-U-C-G-G-G-C-Up with RNase T2 . The digested mixture was 
electrophoresed at pH 3.5 with nucleotide UV markers. 

 9.. The isolation of the joined product (1) in the reaction 

in the reaction between 9 and 10 was performed using preparative 

disk gel electrophoresis. The elution profile is shown in Fig. 5. 

The tetradecamer (1) was characterized by slab gel electrophore-

sis for comparison of chain length. 

DISCUSSION  

     As shown in Table I there were large differences  in  yields 

between the reactions shown in Chart 1 and 2. This may indicate 

that ribooligonucleotide fragments used as substrates for RNA 

ligase in the synthesis of larger RNA fragments should be  pre-

  C.p.M.  UAGCUCGUitCGGGCUp 

 'PCGGGCUp A

100 200 

          fraction number

Fig. 5 Elution profile of the tetradecamer (1) from a disk gel. 
The conditions for electrophoresis was as  described in Fig. 2.
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pared according to the preferences in recognition between the 

enzyme and oligonucleotides. It was found that the  3'-hydroxy 

groups of oligoadenylates were much better acceptor substrates4 

than those of oligouridylates and various trimers showed differ-

ent extents of joining when they were treated with the same  5'-

phosphorylated trinucleotide donors in RNA ligase reactions.5 

In those trimer reactions C-C-G was the poorest acceptor when 
 *pC-C-A was used as a donor . The trinucleotide  *pC-C-A itself 

was also a poor acceptor molecule, since no polymerization 

occurred in the conditions used and C-C-A was joined to  *pC-C-A 

 ina yield of 38% which was about one half the efficiency com-

pared to C-A-A or C-C-C. Thus the pyrimidine-purine sequences 

at the 3'-termini effect the efficiency of reactions with  5'-

phosphorylated oligonucleotides. This may be due to unstacked 

 structures at the 3'-ends of acceptors when a 3'-linked pyrimi-

dine nucleoside is present  next.to a 5'-linked purine nucleoside 

(e.g. C-G). In a right-handed helical strand the pyrimidine ring 

of the 3'-linked pyrimidine nucleoside is overlapped with the 

imidazole ring of the 5'-linked purine nucleoside. This over-

lapping is less favorable the comparable overlapping between 

pyrimidine rings, which may result from purine-pyrimidine sequ-

ences (e.g. G-C). Guanosine is known to adopt the syn conforma-

tion to a significant  extent10 and this conformation may be un-

favorable for RNA ligase reactions if it exist at the 3'-termi-

nus of acceptors. However oligonucleotides having the sequence 

G-G at the 3'-terminus have been good acceptor molecules in the 

RNA ligase reactions so far tested. Thus purine-purine sequence 

seems to be function well on acceptor molecules.  Oligonucleotides 

bearing C-G at the 3'-end, e.g. C-G-C-G,3 C-C-C-C-G,2 have been 

found to be poor acceptors in the synthesis of tRNAfMet quarter 

molecules. It has also been reported previously that in single-

stranded oligonucleotides guanine has a tendency for unstacking 

especially when adjacent to uridine residues probably due to the 

formation of syn and anti  comformers.11 
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ABSTRACT                    Met 
     E. coli tRNAf was hydrolyzed with RNase A using a limited 

amount of the enzyme to give two half molecules lacking the 
anticodon trimer and 3'-terminal dimer. Chemically synthesized 
trimers CUAp and UUAp were joined to the 5'-half molecules by 
phosphorylation with polynucleotide kinase  p19/EATP followed by 
treatment with RNA ligase. These modified  tRNA,species had 
anticodons complementary to the termination codbns UAG and UAA. 
Two half fragments were joined by a similar procedure to yield a 
molecule lacking the anticodon trimer and the 3'-dimer. Methio-
nine acceptor activity of these tRNA  wmttested under conditions 
in which the CAU inserted control tRNA,accepted methionine. 
It was found that all three modified molecules were not 
recognized by the methionyl-tRNA synthetase from E.coli. The 
other sixteen amino acids were not incorporated with partially 
purified aminoacyl-tRNA synthetases. 

 INTRODUCTION  

     We have previously reported enzymatic joining of chemically 

synthesized ribooligonucleotides with T4 RNA ligase to yield the 

E.coli formylmethionine tRNA.2                                   The basic methodology used in 

the synthesis of RNA of this size can be applied to the 

synthesis of modified tRNAs which  are useful for studies on 

structure-function relationship of tRNAs. Anticodon triplets in 

tRNAs play an essential role in decoding messenger RNAs and 

suppression of nonsense mutations is known to occur by the 

action of  aminoacyl-tRNAs having anticodon triplets complemen-

tary to non-sense codons.3                                 Synthesis of tRNAs with anticodons 

complementary to nonsense codons is of interest in testing 

properties in decoding systems. Replacement of the anticodon of 

yeast phenylalanine tRNA was reported by Uhlenbeck and his 
coworkers by removal of Y base and partial RNase A digestion 

followed by ligation of a new oligonucleotide.4a They found a

 ©  IR  L Press Limited, Oxford, England. 3863
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sequence-specific contact between the anticodon  loop of yeast 

tRNAPhe          and the phenyl alanyl-tRNA synthetase.4b                                                         Recognition of 

tRNA by  aminoacyl-tRNA synthetases seems to differ in each amino 

acid and cognate tRNA. Modification of the anticodon loop does 

not affect aminoacylation of tRNA in certain cases.6                                                          The wobble 

position of E.coli tRNAfMet has been converted to uridine and 

this modification seemed to affect the  aminoacylation.5a 

Replacement of the anticodon of E.coli  formylmethionine tRNA in 

the present study by joining of RNase A fragments of E.coli  

tRNAfMet with CUA or UUA abolishes the recognition with the 

methionyl-tRNA synthetase of E.coli. (Fig. 1). Removal of the 

anticodon triplet also caused  no-charging. Recently replacement 

of the wobble position and resulting inhibition of aminoacyla-

tion of the same tRNA was reported.5b

Fig. 1 Cleavage sites in partial digestion with RNase A and 
         modified structures at the anticodon.

3864



                                           Nucleic Acids Research 

MATERIALS AND METHODS  

Materials  

     Nucleotides. Trinucleotides CAU, CUA and UUA were synthe-

sized either by the phosphodi- or triester methods.2 E.coli  

tRNAfMet was a gift of Dr. D.  Soil and had a specific acceptor 

activity of 1.4 nmol/A260 unit. 

     Enzymes. T4 RNA ligase was purified as described.7 

Polynucleotide kinase and E.coli alkaline phosphatase were 

obtained from Takara Shuzo Co.. 3'-Phosphatase-free kinase was 

isolated from T4 Pse  T1-amN82SP62 as described.8 RNase  Tl, 

RNase T2 and Nuclease  S1 were obtained from Sankyo Co. Nuclease 

P1 was obtained from Yamasa Shoyu Co.. Other enzymes for 

characterization of products were obtained as  described.8-12 

     Amino acids. 14C L-Amino acids were purchased from 

Amersham International plc: Specific activities were Ala, 285 

Ci/mol; Val, 285; Leu, 150;  Ile, 150; Phe, 225; Pro, 125;  Gly, 

50; Ser, 165; Thr, 100; Tyr, 225; Asn, 100; Lys, 340; His, 150; 

Arg, 150; Asp, 225; Glu, 255. 

Methods  

     Phosphorylation, ligation and dephosphorylation were 

performed as described previously.8-12                                             Complete digestion by 
nucleases was performed in the presence of carrier RNA (yeast 

RNA, sigma Co. Type IV) in 10  pl solution. RNAase A (1  pg), 

carrier RNA (0.3 A260 unit) in 50 mM Tris-HC1 (pH 7.5) and EDTA 

1 mM at 37° for 1 hr; RNase T2 (2U), carrier RNA (0.2 A260) 50 

mM Tris-HC1 (pH 7.5) and EDTA 1 mM at 37° for 20  min, nuclease 

P1 (0.2  pg), carrier RNA 1A260 in 50 mM ammonium acetate (pH 

5.0) at 37° for 1 hr; RNase T2 (2U) carrier RNA (0.8 A260) in 50 

mM sodium acetate (pH 4.5) at 37° for 30  min. Oligonucleotides 

recovered after homochromatography contained  ca. 200  jig of RNA/ 
  2 cm 

. 

     Partial digestion of tRNA (100 A260) was performed in 50 mM 

Tris-HC1(pH 7.5)-20 mM  MgC12 at 0° for 30  min using RNase A (25 

 pg). The enzyme was removed by extraction with phenol and 

nucleotides were precipitated with ethanol. The precipitate was 

subjected to acrylamide gel electrophoresis. Two bands were 

eluted from gel and desalted by gel  filtrati.on on Sephadex G-50. 

The yields was  ca. 20%. 
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      Aminoacylation of tRNA was performed in 50  mM  HEPES-NaOH 

 (pH 8.0),  10mM magnesium acetate, 10 mM potasium chloride 10 mM  

13-mercaptoethanol, 4mM ATP, 0.5 mM CTP, 9 pM  L-  :U-14C Met, 0.5 

 pM tRNA and E.coli S-10013 at 37°C for 40  min in 20  pl and 

 counted as described previously.2 

 RESULT AND DISCUSSION  

 Removal of the anticodon triplet of tRNAfMet with RNase A  

      A single strand specific nuclease, nuclease  Sl, has been 

 used to hydrolyze anticodon loops of  tRNAs.14                                                         Later it was 

 reported by Wrede et al. that E.coli tRNAfMet was hydrolyzed at 

 the unique position presumably because of a different conforma-

 tion at the anticodon region.15                                      We found that digestion of 

 E.coli tRNAfMet with nuclease  S1 gave heterogeneous products. On 

 the other hand partial digestion of the same tRNA with a limited 

 amount of RNase A occurred at specific points. Two large 

 fragments with chain length 34 and 38 were isolated by' 20% 

 acrylamide gel electrophoresis in a yield of 20%. The 

 5'-terminal sequence of these oligonucleotides was determined by 

 the mobility shift analysis as shown in Fig. 2. The 5'-ends of 

 the 5'- and 3'-halves were found to have cytidine and adenosine , 
 respectively. The 3'-end of the 5'-half molecule was analyzed 

 by two dimensional thin layer chromatography of the complete 

 digest after labeling with 5'-32P pCp and  RNA ligase. It was 

 found to be CmU*p. The 3'-terminus of the 3'-half was analyzed 

 after the 3'-labeling as shown in Fig. 3, which indicate a loss 

 of two nucleotides from the terminus. 

 Construction of tRNAfMet with modification at the anticodon  

      Two ribotrinucleotides pCUAp and pUUAp which were  comple-

 mentary to nonsense codons UAG and UAA were inserted between the 

 5'and 3'-half molecules obtained above. The methionine 

 anticodon pCAUp was also inserted to obtain a control molecule. 

 The 3', and 5'- halves were also joined to yield a tRNAI'et                                                          fl 

 analog lacking the anticodon triplet. 

      A typical example of ligation is shown in Fig. 4. The 

 3',5'-diphosphorylated trimer pCAUp was joined to the dephos-

 phorylated 5'-half molecule and the product (37 nucleotides) was 

 isolated by 20% gel electrophoresis after treatement with phos-
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Sequencing of  1--half from  5-end

Fig. 2 Mobility shift analyses of the 5'-half (a) and the  3'-
        half (b) by labeling at the 5'-end.

Fig. 3 The sequence of the 3'-end of 3'-half  ip-75) developed 
        after labeling  at. the 3'-end with 5'- p pCp and RNA 

         ligase.



 Fig. 4 Scheme for reconstruction of tRNArt. 

 phatase. The 3'-half was 5'-phosphorylated with polynucleotide 

 kinase and isolated by 20% gel electrophoresis. These two 

 fragments were joined and treated with phosphatase. The mole-

 cule lacking CA at the 3'-position (75 nucleotides long) was 

 purified by 20% gel electrophoresis and identified by nearest 

 neighbor analysis. 

       The  amber suppressor tRNA containing CUA anticodon and 

 ocher suppressor tRNA  (UUA anticodon) were constructed by the 

 same procedure. Electrophoretic mobilities on 10% acrylamide 

 gel of these molecules are shown in Fig. 5 and the result of 

 nearest neighbor analys by digestion with RNase T2 is shown in 

 Fig.,6. The  tRNArt lacking the anticodon CAU (72 nucleotides) 
 was also isolated by electrophoresis on 20% acrylamide gel. 

 Aminoacylation of Modified tRNArt  
       Incorporation of methionine to these tRNA was tested using



Fig. 5 Electrophoresis of tRNAfMet and modified  911!cules: 
        1, intact  molAHle; 2,  reconstructedvaNA,  (CAU); 

        3, amber tRNAf  (CUA);  4, ochre  tRNAf  (WA).

Fig. 6 Nearest neighbor analyses of modified  tRNAs.



Fig. 7 Charging of mepAonine to the intact tRNAfMet(o--o) and 
         the amber tRNAf  (CAU)(o--o). 

partially purified E.coli aminoacyl tRNA synthetase containing 

ATp(CTD) tRNA nucleotidyl transferase to repair the 3'-terminal 

CA. The 3'-terminus was analyzed by labeling with 5'-32P pCp 

and RNA ligase.15  It was found that more than 95% count was 

transfered to pA. As summarized in Table I, the reconstructed

Table I 14C Met-acceptor activity of  modified  tRNAs

tRNA  '  .  pmol 14C Met charged % relative to reconstituted 

              per 10  pmol tRNAfMet 

tRNAfMet 4.1 

reconstituted  (CAU) 2.3 100 

 amber  (CUM 0.04 2 

ochre  (WA) 0.14 6 

 non-anticcdon 0.06 3 

 131(38-75) and 0
.08 3 

 5'(1-34)-halves 

3'-half (38-75) 0.09 4



tRNAfMet  {tRNA(CAU)} was charged  55% with respect to the natural 

molecule. The tRNA containing CUA anticodon  {amber tRNA(CUA)}, 

ocher tRNA (UUA), non-anticodon tRNA a mixture of two halves and 

the 3'-half fragment were not aminoacylated by the synthetase 

preparation. An example of charging experiment using increasing 

amounts of amber tRNA(CUA) is shown in Fig. 7 together with the 

natural  tRNAMet control. This result indicated that the E.coli  

methionyl-tRNA synthetase did not recognize  tRNArt modified at 
the anticodon loop. We have observed previously that replace-

ment of the fourth nucleotide from the 3'-end did not affect the 

charging by the E.coli methionyl-tRNA synthetase 

significantly.17                    The enzyme may recognize the shape of the 

anticodon region more restrictively than that of the amino acid 

acceptor stem part. 
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ABSTRACT  
     Insertion of the four major nucleoqfts at the 5'-side 

of the anticodon triplet of E. coli tRNAf was performed by 
joining of the half molecules obtained by limited digestion 
with RNase A and the chemically synthesized tetranucleotide 
pN-C-A-U using RNA ligase. Insertion of U-U at the 5'-side 
or A and A-A at the 3'-side of the anticodon were also 
performed using U-U-C-A-U, C-A-U-A and C-A-U-A-A. The 
constant U next to the 5'-side of the anticodon was replaced 
with A and C by ligation of A-C-A-U and C-C-A-U to the 
5'-half molecule which had been treated with periodate plus 
lysine, followed by joining to the 3'-half. These modified 
tRNAs were tested for their ability to accept methionine with 
the methionyl-tRNA synthetase of E. coli. The affinity of 
these analogs for the synthetase decreased more extensively 
when the insertion was at the 3'-side of the anticodon 
triplet. Insertion of mononucleotides at the 5'-side or 
replacement of the constant U next to the 5'-side of the 
anticodon did not affect aminoacylation drastically. This 
may mean that the 3'-side of the anticodon loop of tRNA is 
one of the major recognition sites for the methionyl-tRNA 
synthetase. 

INTRODUCTION  

     Recognition of tRNA by aminoacyl-tRNA synthetases is a 

particularly good example of the specific interaction of 

proteins with nucleic acids. By using tRNA analogs with 

specific modifications at certain regions, information on the 

recognition of tRNA by the synthetase should be obtainable. 

We have previously reported that the anticodon triplet of  E. 

coli  tRNAMet could be replaced by ligation of chemically 

synthesized trimers to partial RNase A digestion products of 

the tRNA and that the C-A-U sequence of the anticodon was 

indispensable for recognition by  E. coli methionyl-tRNA 

 synthetase.1)                 This methodology using RNA oligomers and T4 
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RNA ligase to obtain tRNA analogues is very useful for 

studies on structure-function  relationships. Since the 

discovery of T4 RNA ligase, this methodology has been used in 

various studies.2-19) 

     The anticodon is one of the most important regions in 

the interaction of tRNA with mRNA during protein synthesis. 

There are more than 20 species of tRNAs each with their own 

anticodon which can form hydrogen bonds with complementary 

codons in mRNA. Furthermore, the 5'-side of the anticodon is 

almost always occupied by uridine and the 3'-side is a purine 

or a purine derivative. It is not clear why the residue on 

the 5'-side of the anticodon should be uridine. In the X-ray 

crystal structures of tRNAs for yeast  tRNAPhe 20,21) and E. 

coli tRNAfMet22), the 5'-side of the anticodon consists of 

the so called "U-turn" structure. Recently Uhlenbeck et al. 

showed that this uridine in yeast  tRNATYr was not essential 

for amber  suppression.13) 

      In this paper, we describe the synthesis of several 

mutant E. coli  tRNAMets having additional bases at the 3'- or 

5'- side of the anticodon, and investigate whether these 

additional bases have an influence on the methionine acceptor 

activity. In addition we have changed the constant U to the 

5'-side of the anticodon in order to ascertain the 

importance of this structural requirement for aminoacylation 

of the tRNA. 

 MATERIALS AND METHODS  

Materials  

 Trinucleotides; A-U-G, U-A-U, U-G-A, U-U-A, tetranucleo-

tides; C-A-U-A, A-C-A-U,  C-C-A-U, G-C-A-U, U-C-A-U, penta-

nucleotides; C-A-U-A-A, U-U-C-A-U, were prepared by the 

triester  method.3)  fy-32PJATP (specific activity; 2,900 

 Ci/mmol) and  L-  [U-14C]Methionine (specific activity; 282 

mCi/mmol) were obtained from NEN and Amersham, respectively. 

 E. coli  tRNAMet was a gift of Dr. D.  Soil. (specific 

activity; 1,400 pmol/A260 unit) Folinic Acid-SF as a 

formyl-donor was obtained from Lederle. T4 RNA ligase was 

purified from E. coli  A19 strain infected with T4 phage as 
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 described.23)                  Polynucleotide kinase and alkaline phosphatase 

from E. coli  A19 were obtained from Takara Shuzo Co., RNase 

A, RNase T2 and Nuclease P1 were obtained from Boehringer 

Co., Sankyo Co. and Yamasa Shoyu Co., respectively. Crude E. 

coli aminoacyl-tRNA synthetase was prepared as described by 

Nishimura  at  al.35)                         E. coli ribosomes were prepared as 

described by Nishizuka et al.24) 

Methods  

     Phosphorylation, dephosphorylation and ligation were 

performed as described previously.25-29)                                              Phosphorylated 

tetra and pentanucleotides corresponding to the anticodon 

were purified by DEAE Sephadex A-25 ion exchange column 

chromatography and Shephadex G-50 gel filtration, 

respectively. 5'- and 3'-half molecules of E. coli tRNAfMet 

were prepared by partial digestion with RNase A followed by 

purification by 10 % polyacrylamide gel electrophoresis 

(PAGE), and sequenced by mobility shift analysis as 

described  previously.1)                             After RNA ligase reactions, the 

products were purified by 10% PAGE and the binding sites 

between two RNA molecules were identified by nearest 

neighbor analysis. 

     Removal of one base from the 3'-end of the 5'-half using 

periodate plus lysine was performed as described by Sprinzl 

et  al.30)             We added an equal amount of 3'-half to the 5'-half 

in the reaction mixture to form a complex with the secondary 

structure of  tRNAMet. After the reaction, the 5'-half 

lacking one base at the 3'-end was purified by 10% PAGE. 

     Aminoacylation of tRNA was performed as described 

 previously1) except for measurement of the Km. Km studies 

were carried out by two step reactions; restoring the C-C-A 

end and aminoacylation. The C-C-A restoring reaction on the 

synthesized tRNA was performed in 100mM HEPES-NaOH (pH 8.0), 

10 mM magnesium acetate, 10 mM potasium  chloride,10 mM 

 6-mercaptoethanol, 4 mM ATP, 0.8 mM CTP, 0.15-2.0  pM tRNA and 

1 mg/ ml E. coli S-100 at 37°C for 30  min in 10  pl. After 

the C-C-A restoring reaction the mixture was heated at 100°C 

for 2  min and slowly cooled to room temperature. 

 Aminoacylation was started by adding 200 pmol of  L-[U-14C] 
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Met and 2  pg of E. coli  S-100. This reaction mixture was 

incubated at 37°C for 20  min and quantified as described 

previously.3) 

     Formylation was performed in aminoacylation buffer 

containing 0.7 mM Folinic Acid-SF at 37°C for 30  min in 30 

 p1. After the reaction one half of the reaction mixture was 

spotted onto a glassfilter disk and to the other half was 

added the same volume of 50  mM  CuSO4-0.3 M Tris-HC1 (pH 7.5). 

Incubation was continued at 37°C for 10 min31)                                                   and this 

mixture was also spotted on another glassfilter disk. These 

disks were washed three times with cold 5%  trichloroacetic 

acid for 10  min, twice with cold ethanol-ether (1:1, v/v) for 

5  min and dried and counted. 

     A binding study involving the codon-anticodon 

interaction on  E. coli ribosomes was performed as described 

by Nirenberg et  al.32) except that 5'-32P labelled tRNAs were 

used instead of  aminoacyl-tRNAs.33) 

RESULTS  

Synthesis of modified  tRNAs with extra bases at either side  

of the anticodon triplet  

     We synthesized several E. coli tRNAfMet derivatives 

having additional bases either side of the anticodon as shown 

in Fig. 1. We removed the anticodon trimer of E. coli  

tRNAfMet by partial digestion with RNase A. In these 

conditions we could obtain a 5'-half molecule (bases 1-33) 

and a 3'-half molecule (bases 37-75) as major products. 

These halves were purified on 10% PAGE. Both halves were 

sequenced as described  previously.1)                                           The 3'-end phosphate of 

the 5'-half was removed by treatment with bacterial alkaline 

phosphatase after opening the 2',3'-cyclic phosphate. 

     Tetra or pentaribooligonucleotides containing the 

anticodon sequence were synthesized by the triester method. 

Three kinds of  RNAs; the 5'-half, an anticodon sequence and 

the 3'-half, were joined with T4 RNA ligase to reconstruct 

the whole structure of a tRNA. Firstly, phosphorylated 

anticodon-oligomers were ligated to the 5'-half molecules and 

the products were isolated on 10% PAGE. After 
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