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the helix or other long-range cooperative motions of nucleotides 
cannot be responsible for the DNA motions monitored by 
NMR.  

Loss of DNA Internal Motions May Be Accompanied by 
DNA Conformational Changes. The most important con- 
clusion to be drawn from the work presented here is that the 
B-DNA helix does not present itself as a single well-defined 
structure to a ligand molecule but is instead an averaged 
structure which is "blurred" by fast internal motions. If, when 
bound, multiple contacts are made between a ligand and the 
helix, then internal motions may be obstructed, making the 
binding site more nearly rigid. Regardless of the details of 
binding or of the detailed mechanism of internal motion, the 
process of obstructing DNA motions will necessarily alter the 
time-averaged conformation of DNA at the binding site; Le., 
ligand binding can "freeze" DNA into a rigid conformation 
substantially different from its averaged conformation in so- 
lution. 
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Primary Structure of AUA-Specific Isoleucine Transfer Ribonucleic 
Acid from Escherichia colit 

Yoshiyuki Kuchino, Shigeaki Watanabe, Fumio Harada, and Susumu Nishimura* 

ABSTRACT: The nucleotide sequence of an E. coli isoleucine 
tRNA (tRNA"',i,,,) specific for the codon AUA was deter- 
mined by postlabeling procedures using only 2.5 pg (0.05 A260 
unit) of the material. The sequence was pG-G-C-C-C-C-U- 
s4U-A-G-C-U-C-A-G-U-Gm-G-D-D-A-G-A-G-C-A-A-G-C- 
G-A-C-U-N+-A-U-t6A-A-\k-C-G-C-U-U-G-m7G-acp3U-C- 

C-A-C-C-bH.  The nucleotide sequences in the regions of the 
G-C-U-G-G-T-Q-C-A-A-G-U-C-C-A-G-C-A-G-G-G-G-C- 

I n  Eschericia coli, there are two isoleucine tRNA species, 
tRNAn",,, and tRNA1leminor (Yarus & Barrell, 1971 ; Harada 
& Nishimura, 1974). The major species of tRNA"' 

with guanosine in the first position of the an- 
ticodon recognizes A-U-U and A-U-C, while the minor species 

' From the Biology Division, National Cancer Center Research In- 
stitute, Tsukiji 5-1, Chuo-ku, Tokyo, Japan. Receioed October 3, 1979. 

D arm and T$C arm of tRNA"",,,,, were quite similar to the 
corresponding regions of tRNA1lemaJor. However, the sequences 
in the CCA stem and anticodon stem of tRNA"',,,,, were 
different from those of tRNA'lema,,,. The overall homology 
between the two isoleucine tRNAs was 68%. E. coli tRNALyS, 
tRNAMet, tRNAVaIIlA and tRNAArg also have relatively high 
sequence homology with tRNA"',,,,,. 

of tRNA"' recognizes only A-U-A (Harada & 
Nishimura, 1974). This tRNA"e,ino, contains an unknown 
modified nucleoside N+ in the first position of the anticodon, 
which is responsible for specific recognition of the AUA codon 
(Harada & Nishimura, 1974). 

Although the partial primary structure of tRNAfieminor is 
known (Harada & Nishimura, 1974), elucidation of the total 
primary structure was hampered by the difficulty of obtaining 
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et al. (l978), using a spacer of 0.06-cm thickness. The exact 
conditions for these procedures were described previously 
(Kuchino et al., 1979). 

3‘- Labeling of tRNA’lemlMr and Rapid Read-off Sequencing 
by Chemical Degradation. [5’-32P]Cytidine 3’,5’-diphosphate 
was prepared as described by Cranston et al. (1974). The 
reaction conditions were as follows: The reaction mixture (10 
pL), containing 50 mM Tris-HC1 (pH 8.2), I O  m M  MgCI2, 
2 m M  spermine, 10 m M  dithiothreitol, 0.1 M KCI, 2 mM 
cytidine 3’-phosphate, 2.4 units of T, polynucleotide kinase, 
and 5 pL of [ T - ~ ~ P I A T P  (specific activity 3.3 X IO9  cpm/nmol, 
Cerenkov, 1 mM), was incubated at 37 OC for 1 h. Then the 
mixture was heated a t  100 “C for 2 min and used directly for 
the kination reaction with E.  coli as acceptor. The 
ligase reaction was carried out as described by Bruce & Uh- 
lenbeck (1978). The solution ( I O  pL) containing 0.02 A260 
unit of E .  coli tRNA1lem,,,,,, 50 mM Tris-HCI (pH 8.2), 10 
mM MgCl,, 10 mM dithiothreitol, I O  pg/mL bovine serum 
albumin, IOOh (v/v) dimethyl sulfoxide, 50 pM ATP, and 0.7 
unit of T4 RNA ligase was mixed with 5 pL of [5’-32P]cytidine 
3’.5’-diphosphate solution as described above and incubated 
at 4 “ C  for 14 h. The 3’-labeled E .  coli tRNA”em,,,r thus 
formed was separated by electrophoresis on 15% polyacryl- 
amide gel (0.06-cm thickness) containing 7 M urea. Chemical 
degradations of 3’-labeled tRNA for rapid read-off sequencing 
were performed under exactly the conditions described by 
Peattie (1 979). 

Materials. The chemicals, enzymes, and thin-layer cellulose 
plates used for sequencing by postlabeling procedures were 
almost the same as in previous work (Kuchino et al., 1979). 
Carrier-free [32P]phosphate dissolved in water was obtained 
from New England Nuclear. [-p3’P]ATP (specific activity 
3.3 X lo9 cpm/nmol, Cerenkov) was prepared as described 
by Glynn & Chappell (1964). T4 RNA ligase was kindly 
provided by Dr. E. Ohtsuka of Osaka University. Cytidine 
3’-phosphate was purchased from Sigma. 

Results 
Sequence Analysis of tRNAIIemlnor by Limited Alkaline 

Hydrolysis with Formamide. Most data on the primary 
structure of tRNA1lemlnor were obtained by a modification of 
the limited formamide hydrolysis method described by Stanley 
& Vassilenko (1978). Figure 1 shows the autoradiogram of 
partially digested and labeled tRNA llemnor separated by po- 
lyacrylamide gel electrophoresis. The bands were all clearly 
separated, indicating that the tRNA sample used in the ex- 
periment was pure. The bands of each oligonucleotide were 
cut out from the gel and immersed in 0.5 mL of buffer con- 
sisting of 0.5M ammonium acetate-0.OlM magnesium ace- 
tate-0.1% sodium dodecyl sulfate-0.1 mM EDTA a t  37 “C 
for 5 h in a 1.5-mL Eppendorf centrifuge tube. Since we used 
a spacer of 0.06-cm thickness in polyacrylamide gel electro- 
phoresis, oligonucleotides were almost completely recovered 
from the gel without homogenization. The labeled oligo- 
nucleotides with carrier tRNA were precipitated with 2.5 
volumes of ethanol, and the resulting material was hydrolyzed 
with nuclease PI to obtain 32P-labeled 5’-terminal nucleotide. 
The digest was then analyzed by two-dimensional thin-layer 
cellulose chromatography by using small thin-layer plates ( 5  
X 5 cm). Figure 2 shows the chromatograms of the 5’-terminal 
nucleotides in each band from nucleotide residue 3 to 71. By 
reading of the main spot in each chromatogram the nucleotide 
sequence from residue 3 to residue 71 was easily determined 
as C-C-C-C-U-s4U-A-G-C-U-C-A-G-U-Gm-G-D-D-A-G-A- 

m7G-acp3U-C-G-C-U-G-G-T-\k-C-A-A-G-U-C-C-A-G-C-A- 
G-C-A-A-G-C-G-A-C-U-N+-A-U-t6A-A-\k-C-G-C-U-U-G- 

a sufficient amount of material for analysis. The amount of 
in wild type E. coli cells was estimated to be less 

than 5% of that of tRNAliemaJOr (Harada & Nishimura, 1974). 
It has been suggested that tRNAiIemlnor has a specific role as 
a modulator in regulation of protein synthesis (Jou et al., 
1976). Information on the total structure of tRNAi“,,,,, is 
necessary for studies on the tRNA-aminoacyl-tRNA 
synthetase interaction, location of the tRNA gene, and evo- 
lution of tRYA. 

Recently sequencing of tRNA has been greatly simplified 
by introduction of postlabeling techniques (Donis-Keller et al., 
1977; Simoncsits et al., 1977; Lockard et al., 1978; Stanley 
& Vassilenko, 1978; Peattie, 1979). The procedure of Stanley 
& Vassilenko (1978) consists of partial alkaline hydrolysis of 
tRNA with formamide followed by phosphorylation with 
polynucleotide kinase of the 5’ end of oligonucleotides, frac- 
tionation of the oligonucleotides labeled at the 5’ end by po- 
lyacrylamide gel electrophoresis, and analysis of the nucleoside 
3’,5’-diphosphate as the 5’ terminal in each oligonucleotide 
by paper electrophoresis after alkaline hydrolysis. Using a 
modification of this procedure (Kuchino et al., 1979) we re- 
cently determined the total primary structure of starfish in- 
itiator tRNA. This paper reports the total nucleotide sequence 
of E.  coli tRNA”‘,,,,,, determined by this modification of 
Stanley and Vassilenko’s procedure, combined with other 
postlabeling techniques. Only 2.5 pg (0.05 A260 unit) of 
tRNAT1‘,,,,, was required for determination of its sequence. 
Results showed that consists of 76 nucleotide 
residues, one nucleotide less than tRNA1iema,or. Moreover, the 
sequences in the regions of the D arm and T$C arm of 
tRNAiie,,,,, are similar to those in the corresponding regions 
of tRNA1lemaJor. 

Materials and Methods 
E .  coli tRNA’’eml,,. E. coli tRNA1lemlnOr used for sequence 

analysis was obtained by successive application of several 
column chromatographies as described previously (Harada & 
Nishimura, 1974). Final purification was achieved by two- 
dimensional polyacrylamide gel electrophoresis as described 
by Ikemura & Dahlberg (1973). Approximately 0.5 A2a unit 
of tRNAi1‘,,,,, was applied to the gel. After electrophoresis, 
the main spot detected with a UV lamp and fluorescent 
thin-layer sheet (Hassur & Whitlock, 1974) was cut out and 
homogenized with 1.5 mL of a solution of 0.5 M ammonium 
acetate-0.01 M magnesium acetate-0.1% sodium dodecyl 
sulfate-0.1 mM EDTA. The extracted tRNA was precipitated 
by addition of 2.5 volumes of ethanol. 

by Limited Alkaline 
Hydrolysis with Formamide. The procedure described by 
Stanley & Vassilenko (1978) was followed except that two- 
dimensional thin-layer cellulose chromatography was adopted 
instead of one-dimensional paper electrophoresis for identi- 
fication of the 5’ end of the nucleotide residue in each oligo- 
nucleotide and nuclease PI  digestion was performed instead 
of alkaline hydrolysis for characterization of the 5’-terminal 
nucleotides as nucleoside 5’-monophosphates rather than as 
nucleoside 3’,5’-diphosphates. The detailed reaction conditions 
were described previously (Kuchino et al., 1979). 

and Rapid 
Read-off Sequencing of t R N A  by RNase Digestion. 5’-La- 
beling of tRNA with 32P was carried out essentially as de- 
scribed by Silberklang et al. (1977). Partial digestion of the 
5’-terminal labeled tRNA with RNases and alkali was per- 
formed as described by Simoncsits et al. (1977) with some 
modifications. Polyacrylamide gel electrophoresis of the partial 
digest of the tRNA was carried out as described by Lockard 

Sequencing of E .  coli 

Preparation o f 5’- Terminal Labeled 



A U A - S P E C I F I C  I S O L E U C I N E  T R N A  V O L .  1 9 ,  N O .  10, 1 9 8 0  2087 

_ _  
C G G .  

. D 

- . ? .  0. 

23 A . G  . A  

._  ~ 

t 5 . G  A C .  U 

.u C C c 3  . -  . 

50C- 

60U- -G30 
1! 

” 

‘1 I- . . .  *. 

- G 30 
I .  - -so  q 

- C  40 

- A 5 8  : - U 4 4  
- 

(a) (b) ( C )  

FIGURE I: Autoradiograms of 5’-”P-labeled oligonucleotides frac- 
tionated on 20% polyacrylamide7 M urea gel. Electrophoresis was 
carried out for (a) 9 h, (b) 24 h, and (c) 35 hat 7W V (gel dimension: 
40 X 20 X 0.06 cm). 
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AGURE 2: Analysis of the 5’-terminal nucleotides of the fragments 
of tRNA*- by two-dimensional cellulose thin-layer chromatog- 
raphy. Arrows indicate modified nucleotides. 

G-G-G-G-C. Caution should be taken in the case of assign- 
ment of modified nucleosides because modified nucleosides 
such as N+, t6A, m7G and acp’U, expected as 5’-terminal 
residues of fragments, have low intensities which are sometimes 
much less than those of contaminating PA, pG, pC, and pU, 
owing to the low efficiency of phosphorylation of modified 
nucleoside 3’-pbospbate. As discussed previously (Kuchino 
et al., 1979). two-dimensional thin-layer chromatography was 
necessary for assignment of the position of the modified nu- 

FIGURE 3: Autoradiogram of partial cnzymatic and alkaline digests 
of 5‘-”P-lakled E. coli tRNAik.,,. AI *how thc ladder obtained 
by heating the tRNA in alkali. T,. A. U% Phy, and T2 show the ladders 
obtained by incubation with these RNascc. Gel clcctrophorcsir w s 
carried out on a 20% polyacrylamide-7 M urea gel for 9 h at 7& 
V (gel dimension: 40 X 20 X 0.06 cm). 4. shows the pyrimidine 
residue 

cleosides since modified nucleotides of low intensity cannot 
be detected by one-dimensional separation. 

We generally overexpose thin-layer plates on X-ray film in 
order to locate the positions of four common nucleotides. By 
doing so we can more easily identify modified nucleotides by 
judging from their relative positions against four common 
nucleotides. X-ray film developed showed spots with more 
different contrast than the photograph shown. Therefore we 
can easily identify which is major spot in most cases. When 
two spots were seen with an equal density, the following 
consideration was taken. For example, pC and pA are seen 
equally in plate 65. This is due to contamination of PA of band 
66 because (i) PA was seen as major spot in plate 66 and (ii) 
with the same tendency of overlapping, pC of band 65 was seen 
in  plate 64. Assignment of nucleotides by using 5’- and 3’- 
terminal-labeled tRNA as dacribed later was also helpful for 
the confirmation of the sequence. 

I t  should be noted that part of residue 17 was replaced by 
G in place of Gm. so that it was possible ta deduce that residue 
18 was G. This assignment was confirmed by the rapid 
read-off sequencing procedure using RNase Ti and 5’-ter- 
minal-labeled tRNA as described later. 

Assignmenf of Nucleotide Sequences Near the 3’ and 5’ 
Ends ojfRNA“‘- The nucleotide sequence near the 5‘ end 
cannot be determined unambiguously by limited alkaline hy- 
drolysis since long oligonucleotides were not well phosphory- 
lated and were not well separated from each other by poly- 
acrylamide gel electrophoresis. In addition the 5’ end of the 
tRNA cannot be determined because the S e n d  of the tRNA 
is naturally phosphorylated. However, the sequence in this 
region can be determined by the rapid read-off sequencing 
procedure using RNases and 5‘-terminal labeled tRNA”’,,. 
As shown in Figure 3. the sequence from nucleotide residue 
I to 18 was found to be pG-G-Py-Py-Py-Py-Py-Py-A-G-Py- 
Py-Py-A-G-Py-Gm(G)-G. 

The nucleotide sequence near the 3‘ end c a n  also not be 
determined by limited alkaline hydrolysis because contami- 
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FIGURE 4 Autoradiogram of %end labeled tRNA"',... sequenced 
by chemical degradations. Gel electrophoresis was carried out on 20% 
polyacrylamide-7 M urea gel for 9 h at 700 V (gel dimension: 40 
X 20 X 0.06 cm). 

nants present in [y-'2P]ATP complicate the autoradiogram. 
Thus the nucleotide sequence near the 3' end was determined 
by adopting the rapid read-off sequencing procedure with 
chemical degradation of 3'-labeled tRNA"e,i,,,. As shown 
in Figure 4, the sequence from nucleotide residue 66 to 76 was 
clearly determined to be -A-G-G-G-G-C-C-A-C-C-A. 

Combination of data obtained by limited alkaline hydrolysis 
with those obtained by the two rapid read-off sequencing 
techniques enabled us to obtain the total primary sequence 
of E. coli tRNA11C-,. The sequence arranged in a cloverleaf 
form is shown in Figure 5 .  

Discussion 
The primary structure of E. coli tRNA1'C,i.,, determined 

by the postlabeling procedures reported here is completely 
consistent with its partial sequence previously obtained by the 
conventional method (Harada & Nishimura, 1974). All 
modified nucleosides previously identified by Harada & 
Nishimura (1974) were found in the total sequence of 
tRNA"cmi.,,r (Figures 2 and 5 ) .  

E .  coli tRNA"- possesses the common structural features 
of most tRNAs (Clark, 1977). Thus it can be concluded that 
its specific recognition of the AUA codon is due entirely to 
the presence of a unique unknown modified nucleoside located 
in the wobbling position. E. coli tRNA"c,in, consists of 76 
nucleotide residues. The chain length of tRNA1lC,in,, is one 
nucleotide residue shorter than that of tRNA1le,aj.,, (Yarus & 
Barrell, 1971). The sequence of tRNA"e,i,, is quite similar 
to that of 52 of 76 or 77 nucleotide residues are 
identical in the two tRNAs, and the overall sequence homology 
is 68%. It should be noted that the nucleotide sequences in 
the regions of the D arm and T#C arm of tRNA1lC,in,. are 
quite similar to those in the corresponding regions of 
tRNA'1C,,,, whereas the sequences in the CCA stem and 
anticodon stem are different from those of tRNA1",a,,,. A 
large extent of sequence homology (55  residues) is also seen 
between tRNA"e,i.,r and tRNAM", but not between 
tRNA1lE,in,, and initiator tRNAM". This suggests that 
tRNAI1*,,,, and tRNA"',,,, are evolutionary related to 

G - C  
C - G  
G . C  
A . W  

C A 
U 16A 

NiA U 

FIGURE 5 :  Nucleotide sequence of E. coli arranged in 
a cloverleaf form. 

tRNAMc'. In this connection, it should be mentioned that the 
gene for tRNA1'e,in, contains C in the wobbling position, 
indicating that Nf  is derived from C (J. Abelson, personal 
communication). The complex posttranscriptional modifica- 
tion process involved in the synthesis of the unknown modified 
nucleoside in the wobbling position may have developed a t  a 
later stage of evolution when the A-ending genetic code started 
to be used (Jukes, 1978). It should be pointed out, however, 
that tRNA1lemin0, also has relatively high homology with E. 
coli tRNALY6, tRNAA'', and tRNAvalllA (58, 49, and 49 
residues for tRNALp, tRNAAm, and tRNAValIIA, respectively). 

There is much less tRNA1Icmi, than tRNAIIC,, or other 
E. coli tRNAs in E.  coli cells. This is probably due to inef- 
ficient transcription of the tRNA1Ie-, gene. It would be very 
interesting to determine the location and structure of the 
tRNA"c,ino, gene, including the promotor and terminator 
regions, to elucidate the mechanism of regulation of tRNA 
biosynthesis. Elucidation of the sequence of tRNA1'C,l.,, is 
the key step in solving these problems. Development of 
postlabeling procedures has made it possible to determine the 
primary structures of tRNAs in very limited samples of ma- 
terial. Information on the sequences of other minor isoac- 
cepting tRNA species is important for understanding the 
evolution of tRNAs and the regulation of tRNA biosynthesis. 
Work on this line is in progress. 
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Mechanism of Inhibition of the Avian Myeloblastosis Virus 
Deoxyribonucleic Acid Polymerase by Adriamycin? 

Steven W. Matson,l Philip J. Fay,$ and Robert A. Bambara* 

ABSTRACT: The avian myeloblastosis virus (AMV) DNA 
polymerase utilizes endonuclease-nicked DNA as a substrate 
for processive DNA synthesis, adding -25 nucleotides each 
time it binds this template. This number can be lowered by 
increasing the KCI concentration of the reaction but is 
unaffected by shifts in pH which significantly alter reaction 
rate. Inhibition of the polymerization reaction by adriamycin 
has been probed with respect to the basic steps of DNA syn- 
thesis: binding of enzyme to DNA, catalysis, and enzyme 
translocation. Adriamycin has essentially no effect on initial 
enzyme-DNA interaction, as measured by a nitrocellulose 
filter binding assay. This assay measures total binding, not 
necessarily specific binding at  3’ termini. Kinetic assays 
demonstrate that inhibition of the reaction by adriamycin is 
competitive with respect to DNA terminus concentration. This 

T h e  avian myeloblastosis virus (AMV)’ DNA polymerase 
has been purified and extensively studied with respect to its 
role in the life cycle of the RNA tumor virus and its catalytic 
activity (Verma, 1977). It is a reverse transcriptase, respon- 
sible for transcription of the RNA genome of the virus into 
DNA (Verna et al., 1976). The purified enzyme consists of 
two polypeptides of apparent molecular weight 65 000 (a) and 
95000 (6 )  (Kacian et al., 1971; Grandgenett et al., 1973; 
Gibson & Verma, 1974). It is active for DNA synthesis on 
both RNA and DNA primer-templates with a 3’-OH terminus 
(Temin & Baltimore, 1972). In addition to its DNA polym- 
erizing activity, the enzyme possesses an RNase H activity 
which degrades the RNA strand of a DNA-RNA hybrid in  
both 5’ - 3’ and 3’ - 5’ directions (Leis et al., 1973). The 
AMV DNA polymerase does not, however, possess DNA 
nuclease activities (Verma, 1977; Seal & Loeb, 1976; Battula 
& Loeb, 1976). 

This report addresses two aspects of the enzymology of this 
DNA polymerase: (a) the basic steps of the DNA polymer- 
ization reaction in vitro and (b) the molecular mechanism by 
which these steps are affected by the inhibitor adriamycin. An 
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suggests that inhibition involves specific binding to 3’ termini 
by the DNA polymerase or dissociation from these termini 
during synthesis. Inhibition is essentially noncompetitive with 
respect to deoxynucleoside triphosphate concentration, con- 
firming that catalytic steps are not perturbed by the durg. The 
extent of processive synthesis falls to 22% of the uninhibited 
value at  a drug concentration causing 96% inhibition of the 
rate of DNA synthesis. This indicates that a major effect of 
the drug is to cause premature dissociation of the DNA po- 
lymerase during synthesis. The component of inhibition not 
accounted for by lower processivity must result from a lowering 
of specific binding to 3’ termini by the DNA polymerase. The 
above information is incorporated into a comprehensive model 
for the inhibitory action of adriamycin. 

initial requirement is an understanding of the way that the 
DNA polymerase and DNA interact during the synthetic 
process. This interaction has been studied in vitro in other 
laboratories by using homopolymer primer-templates with 
seemingly contradictory results (Leis, 1976; Dube & Loeb, 
1976). It has been reported that if synthesis is begun on 
poly(A).poly(dT), the enzyme requires several minutes to 
distribute to and synthesize on newly added poly(I).poly(dC) 
(Leis, 1976). This result suggests a processive mechanism of 
synthesis, that is, the addition of more than one nucleotide each 
time the DNA polymerase binds a primer terminus, accom- 
panied by translocation of the bound DNA polymerase along 
the template strand. 

However, it has also been reported that the enzyme will 
distribute from oligo(dT).poly(A) to oligo(dG).poly(C) very 
rapidly (Dube & Loeb, 1976), which suggests that the enzyme 
may dissociate from the primer-template after addition of each 
nucleotide. The problem with the template competition 
technique employed for these measurements is that it yields 
the rate of distribution of enzyme molecules among DNA 
templates, a parameter not necessarily related to the number 
of nucleotides added each time a polymerase molecule binds 
the DNA template. In addition, when oligonucleotide primers 
are used on homopolymer templates, the primer molecules may 

’ Abbreviations used: AMV, avian myeloblastosis virus; dNTPs, de- 
oxynucleoside triphosphates: drug/DNA phosphate or drug/DNA-P, 
molar ratio of adriamycin molecules to DNA nucleotides in a solution. 
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