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Transfer Ribonucleic Acids in Escherichia coli. 
Multiplicity and Variation” 

Karl H. Muencht and P. Alicia Safille 

ABSTRACT: Gradient partition chromatography of trans- 
fer ribonucleic acid from Escherichia coli, strain B, re- 
veals 56 transfer ribonucleic acid chains for 20 amino 
acids. Acceptor profiles, determined with partially puri- 
fied aminoacyl transfer ribonucleic acid synthetases, 
demonstrate three transfer ribonucleic acids for aspar- 
agine, cysteine, glycine, histidine, and threonine; four 
transfer ribonucleic acids for proline, and five transfer 
ribonucleic acids for tryptophan. Each of the tryptophan 
transfer ribonucleic acid can exist in an active and an 
inactive conformation as measured by response to chlo- 

V arious techniques of separation (RajBhandary and 
Stuart, 1966) have revealed multiple tRNAs (isoaccep- 
tors) for most of the amino acids. As techniques have 
improved and multiplied, so has the recorded multi- 
plicity of tRNA expanded. The general validity of this 
multiplicity is accepted. However, the reasons for multi- 
plicity are incompletely understood. Even less under- 
stood are reasons for variable amounts of isoacceptors 
and for changes in those amounts. To establish the min- 
imum number of tRNAs and the isoacceptor constancy 
in Escherichia coli, we examined four lots of tRNA by 
gradient partition chromatography. For 7 amino acids 
not previously studied (Muench and Berg, 1966a) 24 
tRNAs were found, bringing the number of tRNAs for 
20 amino acids to at least 56. At least two tRNAs have 
been resolved for each amino acid, five for leucine and 
tryptophan. Relative amounts of isoacceptors varied 
widely in some cases and were constant in others. 
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roquine in the charging medium. Although asparagine 
transfer ribonucleic acids and aspartic acid transfer ri- 
bonucleic acid emerge in the same region of the profile, 
asparagine and aspartic acid do not share common ac- 
ceptors, as shown by studies involving periodate oxi- 
dation. The profiles of leucine and tyrosine acceptor are 
essentially constant for different lots of transfer ribo- 
nucleic acid prepared from commercial cells, whereas 
the acceptor profiles for eight other amino acids vary 
markedly. The variability is not explainable by differ- 
ential extraction or artifacts in resolution. 

Experimental Procedures 

Materials. E. coli strain B cells were purchased from 
Grain Processing Corp., Muscatine, Iowa. 

Lots 1 and 4 of tRNA were prepared in our labora- 
tory as described (Muench and Berg, 1966a)Ifrom two 
different batches of the commercial cells stated to be 
grown in minimall medium and harvested in exponen- 
tial phase at three-fourths maximal growth. Lots 2 and 
3 were prepared by Schwarz BioResearch (6701 and 
6603, respectively) by the method of Gutcho (1968) from 
cells also supplied by Grain Processing Corp. but stated 
to be grown in enriched’ medium and harvested in ex- 
ponential phase at three-fourths maximal growth. Lot 
2 was derived from several batches of cells, whereas lot 
3 was derived from one batch (S. Gutcho, personal com- 
munication). 

Pure tyrosyl-tRNA synthetase (Calendar and Berg, 
1966) was a gift from Dr. R. Calendar. Other aminoacyl- 
tRNA synthetases were prepared by batch fractionation 

1 According to the Grain Processing Corp., “minimal” 
medium consists of 1.0% glucose, 1.0% yeast extract, 2.08% 
KzHPOI, and 1.62 % KHzPO4; “enriched” medium consists of 
4.0% peptone casamino acids, 1 % glucose, 0.5 % yeast extract, 
0.64% KzHPOI, 0.04% (NHi)zHPOd, 0.003 % KCI, 0.001 % 
each of MgSOd, CaC12, and ZnSO4, and 0.008 % FeCls. 2799 
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FIGURE 1 : Purification of eight aminoacyl-tRNA synthetases 
on DE-52 cellulose. The peaks indicated by the relevant 
amino acid are from a single procedure, with the A2e0 pro- 
file shown in the middle panel. The start of the gradient IS 
indicated by an arrow. Each fraction was 20 ml. 

on DEAE-cellulose as described by Muench and Berg 
(1966~). Except in the case of asparagine, no difference 
in acceptor profiles resulted from the use of more pu- 
rified enzymes. However, the enzymes used in almost 
every case were further purified from the DEAE-cellu- 
lose fraction. All steps in the enzyme purifications were 
performed at 0-2". DEAE-cellulose fraction containing 
350 mg of protein was applied to a 31 X 1.5 cm DE-52 
(microcrystalline DEAE-cellulose) column equilibrated 
with 0.02 M potassium phosphate buffer (pH 6.9), 0.02 
M 2-mercaptoethanol, 0.001 M MgC12, and 10% glycerol. 
After 100 ml of the initial buffer the column was devel- 
oped at a rate of 40 ml/hr by a linear gradient from 0.02 
to 0.25 M potassium phosphate buffer (pH 6.9) in a total 
volume of 1600 ml of 0.02 M 2-mercaptoethanol, 0.001 M 
MgC12, and 10% glycerol. A typical elution pattern is 
shown in Figure 1. The Azso2 pattern is a reproducible 
feature which permits easy location of specific enzyme 
peaks. Peak fractions were pooled and concentrated by 
dialysis against the initial buffer containing 10-30 % 
polyethylene glycol (mol wt 6000) then stored at -15" 
in 50% glycerol (Muench and Berg, 1966~). Histidyl- 
tRNA synthetase was stabilized prior to dialysis by addi- 
tion of crystalline bovine serum albumin to a final con- 
centration of 2 mg/ml. The procedure provided all en- 
zymes 6-20-fold purified over extracts. The final amino- 
acyl-tRNA synthetases from Figure 1, for example, had 
specific activities in units per milligram as follows for 
the amino acids indicated: asparagine, 140; aspartic 
acid, 320; cysteine, 360; glycine, 250; histidine, 400; 

2Abbreviations used that are not listed in Biochemistry 5, 
1445 (1966), are: MAK, methylated albumin kieselguhr; Azeo, 
absorbance at 260 mp, determined in 0.005 M KHzP04-0.005 
M IGHP04; Axso absorbance at 280 mp. 2800 
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proline, 85; threonine, 180; and tryptophan, 430; when 
1 unit formed 1 mpmole of aminoacyl-tRNA in 10 min 
under standard assay conditions. Protein was deter- 
mined by the method of Lowry et al. (1951) with crystal- 
line bovine serum albumin as the standard. 

A DEAE-cellulose batch fraction containing 400- 
3100 units/ml of aminoacyl-tRNA synthetases con- 
tained 17 units/ml of tRNA adenylyltransferase (Preiss 
et al., 1961) with 1 unit equal to addition of 1 mpmole 
of AMP residue in 10 min. The enzyme emerged from 
the DE-52 column ahead of tryptophanyl-tRNA syn- 
thetase (Figure 1) and was not present in any of the PLI- 
rified aminoacyl-tRNA synthetases. 

DE-52 chromatography completely separated as- 
partyl- from asparaginyl-tRNA synthetase, as shown 
in Figure 1. However, certain preparations of aspar- 
aginyl-tRNA synthetase remained contaminated with 
asparaginase. The contaminant was removed by fur- 
ther chromatography as follows. Asparaginyl-tRNA 
synthetase (6500 units) (43 mg of protein) was applied 
to a 19 X 1 cm DE-52 column equilibrated with 0.05 M 
Tris-HC1 buffer (pH S.l), 0.001 M MgC12, and 10% 
glycerol. The enzyme was eluted at 10 ml/hr by a linear 
gradient between 0.30 and 0.50 M Tris-HC1 buffer (pH 
8.1) in a total volume of 280 ml of 0.001 M MgCls and 
10% glycerol. Recovery was 70-100% and specific ac- 
tivity 470 units/mg in the pooled peak fractions, which 
were concentrated and stored as described above. Five 
units of this final preparation converted no detectable 
(less than 0.06z) L-[ 14C]asparagine into L-[ 14C]aspartic 
acid in 30 min. 

All radioactive amino acids, purchased from New 
England Nuclear Corp. or Nuclear-Chicago, were ad- 
justed to specific activities of 4-8 X lo6 cpm per pmole 
by dilution with the corresponding L-[ 12CIamino acids 
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F I G U R ~  3: Profiles of A260 (0) and tRNAcYa (Oj. Inputs 
were 9960 ,4260 units of tRNA lot 1 for column A, 8920 
,4260 units of tRNA lot 1 for B, 9950 A2e0 units of tRNA lot 
2 for C ,  15,500 A260 units of tRNA lot 3 for D, and 10,400 
AZS0 units of tRNA lot 4 for E. All columns were 5.5 cm2 
in cross section. Column lengths were A, 216 cm; B, 205 cm; 
C ,  213 cm; D, 216 cm; and E, 213 cm. The arrows indicate 
positions and relative concentrations of the bromocresol 
green markers. Recoveries of AZ60 units (see text) and tRNACrS 
were, respectively, column A, 85 and 82%; B, 83 and 6 7 z ;  
C ,  74 and 103 %; D, 76 and 89 %; and E, 75 and 71 %. 

from Sigma Chemical Co. or Mann Research Labo- 
ratories. 

~-[U-l~C]Asparagine was freed of any L-[U- Claspar- 
tic acid by passage in 0.1 M acetic acid over a column of 
Dowex 1 (Hirs et al., 1954). ~~- [ l - l~C]Cys te ine  and 
DL-[3-14C]CySteine were prepared by addition of a two- 
fold molar excess of dithiothreitol (Cleland, 1964) to 
DL-II -IC]cystine or ~~-[3-~4C]cystine in 0.1 M Tris-HC1 
buffer (pH 8.0). ~-[U-~C]Histidine was purified by elu- 

1 
25 50 75 100 

FRACTION 

FIGURE 4: Profiles of tRNAThr for the column runs de- 
scribed in the legend to Figure 3. Recoveries were for 
co lumnA,97~;B,85z;  C,90%; D,69%;andE,82%. 

tion from a column of Dowex 50 in a linear gradient 
from 1 to 4 N HCl. After flash evaporation of the peak 
fractions the labeled histidine was passed over a Dowex 
1 column in 0.1 M acetic acid (Hirs et al., 1954). L-[~-IC]-  
Tryptophan was passed over a Dowex 1 column in 0.5 
M acetic acid in order to remove radioactive contami- 
nants which produce a high blank in the standard glass 
filter assay. Amino acid concentrations were determined 
by the method of Moore and Stein (1954). 

Chloroquine dihydrochloride was purchased as a 
sterile solution of Aralen (50 mg/ml) from Winthrop 
Laboratories. DE-52 cellulose was purchased from H. 
Reeve Angel and Co. Cetyltrimethylammonium chlo- 
ride was the product, Arquad 16-50, of Armour Indus- 
trial Chemical Co. 2-Ethylisothionicotinamide was pro- 
vided by Ives Laboratories as ethionamide hydrochlo- 2801 
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FIGURE 6: Profiles of tRNAPrO (A) and tRNATr&> assayed 
with 2.5 mM chloroquine (0)  or without chloroquine ((3) 
for the column runs described in the legend to Figure 3. 
Recoveries of tRNApro were for column A, 145 2; B, 63 %; 
C, 108%; D, 74%; and E, 89%. Recoveries of tRNATrp 
were for column A, 64%; B, 9 5 % ;  C, 67%; D, 62%; and 
E, 73 %. 

FIGURE 5: Profiles of tRNAHiS for the column runs de- 
scribed in the legend to Figure 3. Recoveries were for 
column A, 85%; B, 88%; C, 93%; D, 105%; E, 89%. 

ride. Dithiothreitol was purchased from Calbiochem. 
Other materials were purchased from sources previously 
named (Muench and Berg, 1966a-c). 

Methods. Asparaginase was determined by measur- 
ing disappearance of L-[U- 'Clasparagine and appear- 
ance of ~-[U-lC]aspartic acid after incubation of 
L-[U- lC1asparagine in the standard tRNA charging 
assay mixture with a measured amount of partially pu- 
rified asparaginyl-tRNA synthetase. After termination 
of the reaction by addition of one-tenth volume of 1 M 
acetic acid, an aliquot was placed over a 8 cm X 0.2 cm2 
Dowex 1 column equilibrated with 0.1 M acetic acid. 
Stepwise column development ensued with 5 ml of 0.1 
M acetic acid, 5 ml of 0.5 M acetic acid, and 5 ml of 1.0 
N HC1; five I-ml fractions were collected during each 
step. An aliquot of each was dried on a GF/C disk, 2802 

placed in scintillator solution, and counted. L-[U- 'Tc]- 
Asparagine emerged in the 0.1 M acetic acid; L-[U-'~C]- 
aspartic acid emerged in the 1.0 N HCl (Hirsetul., 1954). 

Aminoacyl-tRNA synthetases and specific tRNA ac- 
ceptors were assayed as previously described (Muench 
and Berg, 1966a,c) with these modifications. ( 1 )  Be- 
cause both phosphate and cacodylate buffers inhibit the 
prolyl-tRNA synthetase (Mehler and Jesensky, I Y66), 
~-[U-~*C]prolyl-tRNA formation was measured in an 
assay mixture composed of 50 pmoles of Tris-"21 buffer 
(pH 7.2), 0.50 pmole of ATP, 2.5 pmoles of MgCI?, 0.50 
pmole of reduced glutathione, and 0.10 pmole of 
~- [U-~~C]pro l ine  in a final volume of 0.5 ml. (2) Chloro- 
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FIGURE 7: Profiles of tRNATyr (A) and tRNAG'y (0) for 
the column runs described in the legend to Figure 3. Re- 
coveries of tRNATyr were for column A, 107 %; B, 93 %; C, 
- , 3  and D, 71 %. Recoveries of tRNAG1y were for column 
A,153%;B,lO9~;C,lO9~;D,117~;andE,61~. 

quine dihydrochloride (2.5 mM) was present in certain 
assay mixtures for ~ 4 3 -  14C]tryptophanyl-tRNA (Mu- 
ench, 1966). 

tRNA adenylyltransferase was measured essentially 
as described by Preiss et a/. (1961), but in the medium 
used to measure aminoacyl-tRNA synthetases and with 
the GFjC filter method (Muench and Berg, 1966a,c). 
For substrate the 3'-terminal AMP and CMP was re- 
moved from tRNA with snake venom phosphodiester- 
ase as described by Zubay and Takanami (1964). 

3 Where recovery is not given, the unfractionated tRNA 
actually placed over the designated column was unavailable 
and a substitute preparation was assayed in parallel with the 
column fractions. 

I I 
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FIGURE 8: Profiles of tRNAa8p (A) and tRNA"%" (0) for 
four of the column runs described in the legend to Figure 
3. Recoveries of tRNAAsp were for column A, 203%;' B, 
97%; C, 133%; and D, 102%. Recoveries of tRNAAStl 
were for column A, 104%; B, 75%; C, 81 %; and D, 87%. 

The partition column was prepared and operated as 
previously described (Muench and Berg, 1966a) with 
these modifications. An aqueous solution containing 
400&5000 A260 units of tRNA/ml was mixed a t  23 O with 
five volumes of initial upper phase containing a trace of 
bromocresol green, and sediment was removed by brief 
centrifugation. (This sediment comprises about 5x of 
the total ASe0 units in tRNA preparations and will not 
redissolve in water.) The clear supernatant solution was 
placed into the column matrix, 5.5 X 205-216 cm. The 
bromocresol green served as a marker, emerging im- 
mediately before the first tRNAs. 

Development was achieved at 15 ml/hr with 700 ml of 
initial upper phase, followed by a linear triethylamine 
gradient established by 2000-ml volumes of the initial 
and final upper phases, followed by final upper phase un- 

'The 203% recovery was found again upon repeat assay. 
A mixing experiment revealed no inhibitor in the unfractionated 
tRNA. This and other high recoveries may have resulted from 
differential denaturation of the unfractionated DS. the fraction- 
ated tRNA. 2803 

tRNA I N  E s c h e r i c h i a  coli 



R I O C H F M I S T R Y  

FRACTION 

FIGURE 10: Profiles of A2ea (0), tRNATsr (0 )  (panel A), 
and tRNALeU (0)  (panel B) resolved from 8200 A260 units 
of tRNA lot 3 on a 5.5 cmz X 213 cm column developed at 
30 ml/hr. Recovery of was 83%; of tRNATIr, 168%;;; 
and of tRNAr.eU, 88 %. 

FRACTION 

FIGURE 9: Profiles of tRNALe" for three of the column 
runs described in Figure 3. Recoveries were for column A, 
-;3B, 101%;andC,92%. 

til recovery of tRNA was complete. Non-tRNA material 
comprising 10-20z of the A260 units in the input was 
eluted by the lower phase of the initial solvent system. 
Washing the column with the lower phase, then the 
initial upper phase, prepared it for subsequent runs. 

To obtain flow rates up to 60 ml/hr, effluent was 
collected at the level of the column top by use of 1.5- 
mm polypropylene tubing. 

A new procedure for tRNA isolation adapted from 
Mirzabekov et al. (1964) was performed in Kimax No. 
29033-F 125-ml separatory funnels with Teflon stop- 
cocks. The organic solvents were removed from each 
60-1111 fraction by two extractions with 40 ml of diethyl 
ether containing 0.01 z 2-mercaptoethanol. The lower 
phase, turbid after one extraction, cleared after the sec- 
ond. HzO (20 ml) was added, followed by 0.10 M hexade- 
cyltrimethylammonium chloride (4 ml) (64 g of Arquad 
16-50 brought to 1000 ml with H20) and 20 ml of the 
ether-mercaptoethanol. 

The funnels were warmed in a 37" water bath for 30 
min, then allowed to cool to 23". If the lower phase was 
not completely clear, the warming step was repeated. 
The tRNA was now present as a film at the interface. 
The upper and lower phases were withdrawn, and the 
tRNA was dissolved in 1 M NaC1, precipitated with two 
volumes of ethanol, harvested by centrifugation, and 
finally dissolved in water for assay. 

The variation of the tRNA recovery with volumes of 
HzO and cetyltrimethylammonium chloride is shown 
in Figure 2. Recovery did not vary with the range of 
concentration of triethylamine present in the upper 
phase, nor with concentration of tRNA up to 1100 A260 2804 

units/60-ml fraction. Cetyltrimethylammonium chloride 
up to M in the usual charging mixture did not inter- 
fere with aminoacylation of tRNA. 

An IBM 7040 computer was used in the calculation 
of recoveries of A260 units and acceptor activity, the spe- 
cific acceptor activity of each fraction, and in the graph- 
ical representations in Figures 3-10. 

Results 

Initial attempts to define the number of resolvable 
tRNAs for the seven amino acids not previously studied 
(asparagine, cysteine, glycine, histidine, proline, threo- 
nine, and tryptophan) revealed different acceptor pro- 
files in two different lots of tRNA, as shown in column 
runs A and E (Figures 3-7). The profiles in run E were 
not altered by the presence of the other 19 L-['~C] amino 
acids, each 0.1 mM. The A260 profiles (Figure 3) were 
structured and highly similar to one another and to 
those previously published (Muench and Berg, 1966a) 
enabling location of specific tRNAs by relationship to 
the AZe0 pattern. Further differences were found in ac- 
ceptor profiles of two other lots of tRNA (columns C 
and D, Figures 3-9). The profiles of tRNAASp (Figure 
8) also varied for different lots, whereas those for 
tRNALeU (Figures 9 and 10) and tRNA'rY' (Figure 7) 
were nearly constant. 

When the tRNA resolved in column run A (Figures 
3-9) was restudied on a different column after 6 months 
in storage at -20°, the patterns shown in column run 
B (Figures 3-9) were obtained. In every case the accep- 
tor profile matched that found originally, although in 
run B each profile was shifted several fractions to the 
left, presumably because the column in run B was 
shorter than that in run A. Since a single preparation of 
tRNA gave identical acceptor profiles on separate col- 
umns, the differences noted in acceptor profiles for runs 
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A-E (Figures 3-8) were taken to reflect actual differences 
between lots of tRNA. 

Closer examination of the profiles revealed a con- 
sistent picture for each of the varying acceptors. For 
each amino acid at  least one tRNA peak appeared in a 
constant location within the acceptor profiles. Other 
peaks were missing from certain lots but were present or 
even predominant in other lots. Therefore, the total 
number of tRNAs resolvable for certain amino acids 
was evident only after examination of all four profiles. 

In all cases the tRNA chains specific for a given amino 
acid emerged in a continuous profile, no one tRNA be- 
ing totally separated from all the others of the same 
specificity. 

tRNACUS. As shown in Figure 3 there were three 
peaks of tRNACyS. Whereas tRNA1''' was present 
in all lots, tRNA:'' and tRNA3'" were detectable in 
only two lots each. 

tRNATh'. The threonine acceptor profiles revealed 
three tRNA'rhrs, seen in Figure 4. In  runs C and D all 
three were evident, with tRNAzThr predominant and 
tRNAThr and appearing only as shoulders. 
In  runs A and B peak 3 predominated, and peaks 1 and 
2 were represented only by an unusually long leading 
edge to the acceptor profile. In run E, tRNAzThr was 
not evident, and nearly equal quantities to tRNAIThr 
and tRNAsThr provided a profile with two peaks. 

tRNAHzS. The histidine acceptor profile revealed one 
consistent peak, tRNAsHiS, present in all lots of 
tRNA (Figure 5). Three lots (runs C-E) contained 
tRNAzHis in addition, and one lot (run E) contained a 
shoulder designated tRNA1"'. 

An attempt to delineate the peaks more clearly with 
2-ethylisothionicotinamide, an antituberculous drug 
which inactivates one of two tRNAH% in beef liver 
(Wevers and Ralph, 1966), was fruitless. The drug was 
without effect on the extent of charging any of the 
tRNAH% of E.  coli, at concentrations of either 0.10 or 
2.0 mM in either the charging medium used herein or 
that used by Wevers and Ralph (Loftfield and Eigner, 
1963). 

tRNATfp.  Acceptor activity for tryptophan emerged 
in a profile of five peaks, only four of which were clearly 
seen in any single lot of tRNA (Figure 6). In three lots 
(runs A-D) predominated. In one lot (run E) 
the usually minor peak tRNAITrP predominated. The 
peak tRNASTrp was seen in only one lot (run D). 

Each tRNATrP consisted of tRNATrp in both active 
and inactive states (Gartland and Sueoka, 1966; Mu- 
ench, 1966) as shown by the response to presence of 
chloroquine during the charging incubation (runs A, B, 
D, E). Therefore, the two conformations for tRNATrP 
which separate upon MAK chromatography (Sueoka 
and Yamane, 1962) did not contribute to the multi- 
plicity of tRNAT'" peaks seen in partition chroma- 
tograph y. 

tRNAPTo. Also depicted in Figure 6 is tRNAPro, which 
eluted in what appeared to be four poorly differentiated 
peaks in runs C and D. In runs A and B tRNA2''' and 
tRNA,"' were prominent, and the others were not 
clearly distinguishable, although tRNA1''' contributed 
to the leading edge of the profile. In run E, tRNA4"' 

was absent entirely, and tRNA,''', tRNA?, and 
tRNAIPr0 were poorly defined. 

The only other acceptor as late in the chromatogram 
as tRNA4Pro is tRNA"" (Muench and Berg, 1966a). 
Recently Yarus and Berg (1967) have shown that mate- 
rial in this region competes with tRNA1Ie in binding to 
isoleucyl-tRNA synthetase and that the material is not 
tRNAA". Altered tRNAs incapable of charging amino 
acids but still capable of interacting with their amino- 
acyl-tRNA synthetases may exist in this region. 

tRNAGL'. Glycine acceptor emerged as three peaks, 
only one of which, tRNA3G'Y, was detectable in all four 
lots of tRNA (Figure 7), appearing with tRNAIG'" in 
run E and with tRNA2G's' in run C. In run D all three 
were present, tRNAIG" and tRNAzG" appearing as an 
unresolved plateau before the peak. 

tRNATyr. The relatively constant tRNATYr profile, 
previously described in other tRNA preparations (Mu- 
ench and Berg, 1966a), provided a useful comparison 
with the more variable species (Figure 7). In every case 
tRNAITYr dominated the profile, but in one lot (runs A 
and B) a minor tRNApTYr was definable. Pearson and 
Kelmers (1966) have described a tRNAzTYr seen in hy- 
droxylapatite chromatography. 

tRNAASn and tRNAASp. The asparagine acceptor pro- 
file consisted of three peaks, and the aspartic acid ac- 
ceptor profile consisted of two peaks, as shown in Figure 
8. Although the profiles for tRNAASp and tRNAASn 
were clearly differentiated by use of the purified acti- 
vating enzymes, tRNAzASn and tRNAl*'' overlapped, 
as did tRNA3*'" and tRNA2*''. The independent varia- 
tion of the two acceptor profiles indicated separate ac- 
ceptors for the two amino acids. The possibility that the 
two amino acids had major common acceptors among 
the tRNAs within the profile was ruled out by the find- 
ings in Table I, obtained by periodate oxidation 
studies. tRNA"" was unable to accept asparagine, and 
tRNAASn was unable to accept aspartic acid at signifi- 
cant levels. 

tRNALeu. In marked contrast to the variable patterns 
of other tRNAs was the constancy of tRNALeU, shown 
for 3 of the lots of tRNA in Figures 9 and 10. The fa- 
miliar five-peak pattern, identical with that described for 
other lots of tRNA (Muench and Berg, 1966a), served 
as an internal control for the other acceptor profiles. 

Recocery and Purification. The recovery of A260 units 
listed in each figure legend does not include material 
eluting when the columns were washed with lower phase 
during regeneration. This material had no acceptor ac- 
tivity for the 20 coded amino acids. When it was in- 
cluded, over-all recovery of A26a units was 95-100%. 

The variation of recovery of acceptor activity prob- 
ably resulted from chemical hydrolysis of aminoacyl- 
tRNAs during the assay procedure, as pointed out by 
Gillam et al. (1967). The variation in recovery played no 
role in the variability of acceptor profiles, as can be seen 
by comparison of recoveries and profiles in Figures 

Purification varied with position in the chromato- 
gram. Thus the peak fractions of tRNAl''' or tRNA,''' 
had specific activities 10-14 times greater than unfrac- 
tionated tRNA, without correction for multiple peaks, 

3-8. 
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TABLE I: Specificity of tRNA.4sp and tRNA4*".* 

tRNAAsP tRNAASn 

pmoles of Amino 

__. 
Acid/ABBO unit x 

Original charge 25 Asp 100 

Remaining after discharge < O .  3 Asp <2 

Recharge 3 Asn 12 
Recharge <1 Tyr <4 

Remaining after oxidation 23 Asp 92 

Recharge 21 Asp 84 

pmoles of Amino 
Acid/A2O0 unit % 

12 Asn 100 
12 Asn 100 

< 1 . 3  Asn <11 
8 . 1  Asn 68 

<O.  3 Asp < 3  
< 1  Tyr <9 

a tRNA (94 A260 units) (Schwarz, lot 6703) was charged with labeled aspartic acid or asparagine as in Methods. The 
charged tRNA was isolated from the assay mixture by precipitation with potassium acetate buffer (pH 4.8) and 
ethanol, and dissolved in 0.005 M NaIOrO.l M potassium acetate buffer (pH 4.8). After 30 min at 23", the tRNA 
was collected by addition of ethanol and centrifugation. The oxidation step was repeated until the supernatant con- 
tained excess IOa-, as measured by before and after addition of excess ethylene glycol. The oxidized tRNA pellet 
was dissolved in 0.01 M ethylene glycol and precipitated with salt-ethanol. The charged amino acids were removed 
enzymatically and the tRNA was isolated from the reaction mixture on G-25 Sephadex columns (Muench and Berg, 
1966b). The tRNA was then assayed for ability to charge asparagine, aspartic acid, and tyrosine. All values were ob- 
tained from acid-insoluble counts retained on GFjC filters as in Methods. 

whereas those tRNAs eluting in the central region of 
the chromatogram were less well purified. 

Effect of Flow Rate on Resolution. The ability of the 
column to resolve tRNAs at increased rates of flow is 
shown in Figure 10. The five peaks of tRNALeU and the 
single tRNATyr peak were resolved as well at 30 ml/hr 
(Figure 10) as at 15 ml/hr (Figures 7 and 9). At 60 ml/hr 
tRNALeU was less well resolved, emerging as two peaks, 
one in the position of tRNAl ,? and one in the position 
of tRNA3-5LeU. A purification at 60 ml/hr can be used 
to separate tRNAl ,2Leu from tRNA3-,"eU prelimi- 
nary to finer resolution at lower flow rates. 

Discussion 

As summarized in Table 11, gradient partition column 
chromatography reveals at least 56 tRNAs for 20 amino 
acids, although no single lot of tRNA contains each of 
these tRNAs in sufficient amount to be detected against 
the background of isoacceptors with simiIar chromato- 
graphic mobility. The figure is conservative, because 
tRNAs for only 10 amino acids have been examined in 
detail. Moreover peaks not resolved by this method are 
detectable by other methods, as, for example, tRMA3A'a 
is resolved by hydroxylapatite chromatography (Mu- 
ench and Berg, 1966b). 

The validity of multiple acceptor peaks in gradient 
partition chromatography has been demonstrated by 
several criteria (Muench and Berg, 1966a). First, peaks 
rechromatograph in original positions. Second, tRNA 
recovered from the partition solvent is free of aggre- 
gates. Finally, tRNA prepared as described is free of 
hidden internucleotide breaks and is at least 95% intact 
in terms of its 3'-terminal adenylate residue. Although a 
single missing 3 '-terminal adenylate residue can cause 
separation of tRNAs otherwise identical (RajBhandary 2806 

et al., 1966), the differences in acceptor profiles seen in 
the present work cannot be so explained, because the 
differences were seen when aminoacyl-tRNA synthetases 
free of tRNA adenylyltransferase were used for assay. 

Another possible explanation for multiplicity in 
acceptor peaks is that each represents a different 
conformation of tRNA rather then a different primary 
structure (Lindahl et al.,  1966; Gartland and Sueoka, 
1966; Muench, 1966). That has proved to be the case in 
MAK chromatography of tRNAT'" from E .  coli (Sueoka 
and Yamane, 1962; Gartland and Sueoka, 1966; Mu- 
ench, 1966). However, since both the active and inactive 
conformations of all five tRNATrP peaks migrate to- 
gether on gradient partition columns, in at least that 
instance multiple conformations cannot be invoked to 
explain multiple peaks. During partition chromatog- 
raphy in the organic solvent the five tRNATrP peaks 
may actually each exist in a single intermediate confor- 
mation, which changes to either of the two activity 
states in the transition to aqueous medium during iso- 
lation of the tRNA from the partition solvent. 

The role of multiple tRNAs for each amino acid is 
not understood. There is no uniform correlation be- 
tween multiplicity of tRNAs and degeneracy of the 
genetic code. Certain isoacceptor tRNAs have different 
coding properties in Ditro in response to both synthetic 
(Weisblum et al., 1962; Von Ehrenstein and Dais, 1963 ; 
Bennett el al., 1963) and natural mRNA (Weisblum et 
al., 1965, 1967; Gonano, 1967). However, in yeast one 
tRNAphe may translate more then one codon, and two 
tRNAG1"s may translate the same codon (Sol1 et al., 
1966). In yeast two tRNASers have the same probable 
anticodon, IGA, according to complete primary struc- 
ture determinations (Zachau et al.,  1966). Presumably 
both tRNASers would translate the same codon. 

At least one aminoacyl-tRNA of a group specific for 
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one amino acid may function as a corepressor of the 
enzymes synthesizing that amino acid (Eidlic and Neid- 
hardt, 1965; Neidhardt, 1966; Freundlich, 1967). Thus 
histidyl-tRNA in E. coli is a probable corepressor of the 
histidine synthetic enzymes, as shown by studies with LY- 

methylhistidine, an inhibitor of histidyl-tRNA synthe- 
tase (Schlesinger and Magasanik, 1964). Similarly, the 
data of Silbert et a/. (1966) on HisR mutantsinSalmon- 
ella typhimurium suggest that histidyl-tRNA acts as a 
core pressor of the histidine operon. The HisR mutants, 
derepressed for enzymes of the histidine biosynthetic 
pathway, have only one-half the normal level of 
tRNAIi", suggesting total absence of one of two varie- 
ties. However, attempts to resolve two varieties of 
tRNA"' in S. tj.phimurium by MAK, DEAE-Sephadex, 
hydroxylapatite, and gel filtration columns or in E. coli 
by countercurrent distribution have not been successful 
(Silbert et al., 1966). Since gradient partition chromatog- 
raphy has resolved three ( E .  coli) tRNA"%, it may be 
applicable to further study of the HisR mutants. Two 
( E .  coli) tRNA"% have been resolved by reversed-phase 
partition chromatography (Weiss and Kelmers, 1967) 
and by hydroxylapatite chromatography (Harding et al., 
1 966). 

Corollary to the problem of multiplicity is that of 
variation in relative levels of isoacceptors. Changes in 
kinds or amounts of tRNA in bacteria in response to 
various environmental stimuli have been reported. Laz- 
zarini and Peterkofsky (1965) demonstrated that during 
methionine starvation E.  coli 58-161 (RCre' Met-) syn- 
thesizes a different tRNALeU, detectable on MAK col- 
umns, and they presented evidence that this tRNALeU 
was methyl deficient. The work suggests that multiple 
tRNAs for a single amino acid can be interconverted by 
modifications of certain bases, for example, by the 
tRNA methylases. Kaneko and Doi (1966) observed 
changes in relative amounts of two tRNAVa's distin- 
guished by MAK columns during sporulation of 
Bacillus subtilis, but opposite findings were reported by 
Heyman et al. (1967). 

The same technique revealed differences in the 
number of tRNAsers in B. subtilis as a function of 
growth medium (Goehler et al., 1966). Lazzarini and 
Santangelo (1967) noted a new tRNAL"' in sporulating 
B. subtilis, but only when sporulation occurred on cer- 
tain media. 

Sueoka and Kano-Sueoka (1964) first observed ap- 
pearance of a different tRNALeU distinguishable by 
MAK chromatography in T2 phage-infected E. coli. 
The change was specific for T-even phages, but occurred 
in a variety of E.  coli strains and in Shigella dysenteriae 
(Kano-Sueoka and Sueoka, 1966). Others (Waters and 
Novelli, 1967) confirmed the finding and reported new 
tRNALeU appearing later in infection by use of reversed- 
phase partition columns (Kelmers et a/., 1965). Pollack 
(1966) was unable to see changes in E. coli tRNALeU 
after phage T2 and T4 infection. 

The present work has revealed marked variation 
among different lots of tRNA in levels of isoacceptors 
for eight amino acids. In contrast isoacceptors for leu- 
cine and tyrosine were relatively constant. The differ- 
ences observed in elution profiles of specific tRNAs iso- 

TABLE 11: tRNAs in E. coli by Gradient Partition 
Chromatography: 

Amino Acid 
... . . ~ ~~ ~ ~ ~ . .  

Alanine 
Arginine 
Asparagine 
Aspartic acid 
Cysteine 
Glutamic acid 
Glutamine 
Glycine 
Histidine 
Isoleucine 
Leucine 
Lysine 
Methionine 
Phenylalanine 
Proline 
Serine 
Threonine 
Tryptophan 
Tyrosine 
Valine 
20 amino acids 

No. of Peaks 

2 
2 
3 
2 
3 
2 
2 
3 
3 
2 
5 
2 
2 
3 
4 
4 
3 
5 
2 
2 

56 

a Data are from the present and from previous work 
(Muench and Berg, 1966a). 

lated from different batches of commercially grown E. 
coli B may have resulted from undefined variations in 
physiologic state either existing when harvest was be- 
gun, or arising from harvest and washing procedures. 
All batches were stated to be harvested at three-fourths 
of maximum turbidity during exponential growth. How- 
ever, such variables as batch size and attendant cooling 
rate during harvest are not known. Although the bac- 
teria were stated to be grown on two different media, 
variation between tRNAs from two batches of cells 
grown on the same medium was as great as variation 
between tRNAs from cells grown on different media. 
In the past, we have found marked variation in levels of 
whole tRNA and aminoacyl-tRNA synthetases in var- 
ious batches of commercially grown cells. 

The possibility of differential removal or inactivation 
of tRNA during purification from cells is unlikely for 
several reasons. Since the five-peak tRNAMU profile is 
an almost constant feature in gradient partition chro- 
matography, tRNALe% would have to be exempt from 
such loss. Secondly, the differential loss of tRNAITh', 
for example, in one preparation of tRNA and tRNAZThr 
in another is unlikely. Finally, there are no regular differ- 
ences in acceptor profiles for the tRNAs prepared by 
the two different methods. 

Column artifact is an unlikely explanation for the 
differences in acceptor profiles because of the reproduc- 
ibility of acceptor profiles of duplicate runs on different 
columns, and because of the constancy of tRNALeU and 2807 
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tRNATy' control profiles. In addition, variable tRNA 
profiles differ independently of others in the same re- 
gion of the chromatogram. 

The present observations cannot define the cause for 
the variation in isoacceptor levels. The results emphasize 
that rigid physiologic controls must precede invoking 
specific reasons for such variation. 
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