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N-(Purin-6-ylcarbamoyl)threonine, an Anticodon-Adjacent

Base in Transfer Ribonucleic Acid®

Barry N. Elkins and Elizabeth B. Keller*

ABSTRACT: Almost all Escherichia coli tRNAs which have
codons with a 5’-adenosine have an unusual nucleoside ad-
jacent to the 3’ end of the anticodon the systematic name of
which is N-[N-(9-8-D-ribofuranosylpurin-6-yl)carbamo-
yljthreonine (t°A). An enzyme has been isolated from E.
coli which can synthesize this nucleoside in tRNA when
provided with a tRNA deficient in t°A and with L-threo-
nine, bicarbonate, ATP, and Mg?* The tSA-deficient
tRNA was isolated from a threonine-starved culture of an
E. coli strain which is a threonine auxotroph and is also a
relaxed control mutant (capable of synthesizing RNA in
the absence of protein synthesis). The t®A-deficient tRNA
was treated with periodate to destroy the 3’-ribose so that
the enzyme assay could depend upon the incorporation of
labeled L-threonine into the tRNA to form t®A without in-
terference by the threonine incorporating activity of the E.
coli threonyl-tRNA synthetase. Using this assay, an en-

Tansfer RNAs whose codons have a 5’-adenosine usually
bear in the position adjacent to the 3’-uridine of the antico-
don an unusual nucleoside containing a threonine residue
(Takemura et al., 1969; Ishikura et al., 1969; Kimura-Har-
ada er al., 1972a; Powers and Peterkofsky, 1972b). The
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zyme was purified from E. coli extracts. It catalyzed the bi-
carbonate- and ATP-dependent incorporation of L-threo-
nine into tA-deficient tRNA. The product of the reaction
was established as t°A by comparison with an authentic
sample. The same purified enzyme could incorporate gly-
cine in place of threonine into t®A-deficient tRNA. Others
had previously found a small amount of the glycine analog
of t°A in tRNA; the present findings indicate that a single
enzyme incorporates threonine and glycine into the same
tRNA species. Since glycine competes with threonine, the
tRNA synthesized in threonine-deficient cells would have
more than the normal content of the glycine analog of téA.
This could explain why the t®A-deficient tRNA used here
as substrate was found to accept much less threonine than
was predicted from the amount of tRNA that was synthe-
sized during the threonine starvation.

structure of this nucleoside was determined by Chheda et
al. (1969) and Schweizer et al. (1969) to be N-[N-(9-5-
D-ribofuranosylpurin-6-yl)carbamoyljthreonine (teA).!

! Abbreviations used are: t°A, N-[N-(9-8-D-ribofuranosylpurin-6-
yl)carbamoyl]threonine or the simpler and more descriptive name sug-
gested by Dr. W. E. Cohn, Office of Biochemical Nomenclature, N°-
(N-threonylcarbonyl)adenosine; t5Ade, N-(purin-6-ylcarbamoyl)-
threonine or N®- (NV-threonylcarbonyl)adenine; SD enzyme, total cell
soluble proteins freed of low molecular weight material and of’nucleic
acids by passage through Sephadex G-25 and DEAE-cellulose col-
umns; rel~, a mutation in E. coli which allows RNA synthesis to occur
in the absence of protein synthesis.
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The simpler trivial name N®-(N-threonylcarbonyl)aden-
osine which has been suggested for this nucleoside! more
clearly indicates the derivation of its components from thre-
onine, CO,, and adenosine which is the subject of this
paper. The base of this nucleoside has the systematic name
N-(purin-6-ylcarbamoyl)threonine (t®Ade) or the trivial
name N6- (N-threonylcarbonyl)adenine.

The importance of this t°A in preventing codon misread-
ing at the adjacent 3’-uridine of the anticodon was first sug-
gested by Dube et al. (1968) even before the structure of
t°A was completely worked out. In the case of the initiating
tRNAMet of Escherichia coli there is no t°A or any other
modification of the adenosine adjacent to the anticodon
(Dube et al., 1968) and this tRNA responds not only to the
normal methionine codon AUG but also to the valine codon
GUG (Clark and Marcker, 1966; Ghosh et al., 1967; Vol-
ckaert and Fiers, 1973). In this case a wobble response of a
U to an A or a G occurs at the 5’ end of the codon like the
more common wobble at the 3’ end of codons. All the other
tRNAs of E. coli which respond to codons with a 5’-adeno-
sine have the t8A (see above for references) and fail to show
this particular kind of wobble. Furthermore, in the case of
yeast, the initiating tRNAMMet has the t°A (Simsek and
RajBhandary, 1972) and responds only to AUG, not to
GUG (Stewart et al.,, 1971). Thus the t°A apparently plays
an important role in the correct codon-anticodon interac-
tion of a whole class of tRNAs (see also Hogenauer et al.,
1972; Miller and Schweizer, 1972).

Little information has been available on the mechanism
of biosynthesis of this important modified nucleoside in
tRNA. The in vivo utilization of L-threonine for the synthe-
sis of t°A in tRNA has been reported by Powers and Peter-
kofsky (1972a) and by Chheda et al. (1972). Recently Kor-
ner and SGll (1974) described an in vitro system from E.
coli which utilized threonine and ATP for the synthesis of
t®A in t®A-deficient tRNA. The present paper describes the
purification of an enzyme from E. coli which carries out
this synthesis on t6A-deficient tRNA utilizing threonine,
ATP, and, as the source of the one carbon fragment, bicar-
bonate. With this system it was possible to show that the
same enzyme preparation can utilize glycine in place of
threonine to synthesize the glycine analog of t6A in tA-de-
ficient tRNA.,

Experimental Section

Materials. ['4C]-L-Threonine, [3H]-L-threonine,
[14C]glycine, and [!*C]NaHCO; were obtained from
Schwarz/Mann. Bio-Gel A 1.5m (200-400 mesh) and Bio-
Gel P 100 (100-200 mesh) came from Bio-Rad Labs. E.
coli CP 79 (Thr—, Arg™, His™, Leu™, thi™, rel™) was kindly
provided by Dr. Joel Weiner.

Growth of E. coli CP 79 for Synthesis of t°A-Deficient
tRNA. E. coli CP 79 was grown in the medium of Davis
and Mingioli (1951). Solutions of the following were auto-
claved separately and added to 1 1. of medium before use:
10 g of glucose, 30 mg of L-threonine, 30 mg of L-arginine -
HCI, 30 mg of L-histidine - HCI, 30 mg of L-leucine, and 3
mg of thiamine - HCl. An inoculum (2 1.) was grown up in
four 2-1. baffle flasks with shaking at 37° overnight. This
was used to inoculate 30 l. of medium in two 20-1. carboys.
The cells were grown at room temperature with vigorous
aeration until they had reached late-log phase. They were
then harvested, washed twice with medium without threo-
nine, and reincubated overnight at room temperature in 15
1. of medium without threonine. In the absence of threonine,
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and therefore of protein synthesis, this relaxed control mu-
tant continues to synthesize tRNA which under these con-
ditions would necessarily be deficient in tA.

Preparation of t8A-Deficient Periodate-Treated tRNA.
tRNA was isolated from 40 g of the above threonine-
starved cells essentially by the method of Holley (1963).
The tRNA was then treated with periodate in order to de-
stroy the 3’-ribose and thus prevent any incorporation of
threonine onto threonine tRNA by the threonyl-tRNA syn-
thetase. The tRNA dissolved in 25 ml of 0.01 M sodium ac-
ctate (pH 4.5) was treated with 2.5 ml of 0.5 M NalQy, and
the solution was incubated 30 min at room temperature in
the dark. Another equal portion of NalQ4 was added and
the incubation repeated. Ethylene glycol (1 ml) was then
added to destroy NalOy. Then the solution was dialyzed
against 2 . of 0.01 M sodium acetate (pH 4.5) containing 1
ml of ethylene glycol, then against 2 1. of the buffer without
ethylene glycol. The tRNA was precipitated with alcohol,
collected, dried, dissolved in 10 ml of water, distributed into
10 tubes, and lyophilized. These dried portions of deficient
tRNA were stored in the freezer and reconstituted with 1
ml of water as they were needed. In this paper, t6A-defi-
cient tRNA is understood to be this periodate-treated mate-
rial.

Assay for 194 Synthesis. The assay contained the fol-
lowing in a final volume of 0.20 ml: 50 mM Tris-HCI (pH
8.0), 20 mM MgCly, 25 mM KCl, 5 mM dithioerythritol, 10
mM ATP, 0.05 mM [!“C]-L-threonine (20 Ci/mol), 25 mM
NaHCO;, tSA-deficient tRNA in the amount indicated,
and enzyme as indicated. Incubation was for 20 min at 37°¢.
tRNA along with enzyme protein was then precipitated by
adding 2 ml of 8% trichloroacetic acid. The precipitate was
collected on a glass fiber filter membrane (Type E, Gelman
Instrument Co.) and washed well with 5% trichloroacetic
acid and then with 95% ethanol. The membrane was dried,
placed in a vial with toluene-based scintillation fluid, and
counted in a Packard liquid scintillation counter with an ef-
ficiency of 75%.

One unit of t°A synthetase activity catalyzes 1 pmol of
bicarbonate-dependent incorporation of labeled L-threonine
into t®A-deficient tRNA in 20 min at 37°,

Assay for Threonyl-tRNA Synthetase. Column fractions
of enzyme were assayed directly (5-20 ul per assay) under
essentially the conditions described by Leis and Keller
(1971), except that ['4C]-L-threonine (20 Ci/mol) replaced
labeled methionine, and 0.2 mg of bulk £. coli tRNA (Gen-
eral Biochemicals) was present in the final volume of 0.2
ml.

Preparation of E. coli Soluble (SD) Enzyme. All steps
were carried out at 0-2°. Frozen E. coli B cells (100 g from
Grain Processing Corp.) were suspended in 250 ml of 10
mM Tris-HCI (pH 7.5)-10 mM magnesium acetate. Ali-
quots of 80 ml at a time were sonicated with a Branson son-
ifier for 2 min with intervals for cooling. After a low-speed
centrifugation, ribosomes were removed by centrifuging for
2.5 hr at 50,000g. Total protein was precipitated from the
supernatant by 80% saturation with ammonium sulfate, col-
lected by centrifugation, suspended in and then dialyzed
against 20 mM Tris - HCI (pH 7.5)-0.1 mMm dithioerythri-
tol. The protein was then freed of RNA on a DEAE-cellu-
lose column as described by Leis and Keller (1971). Except
for the substitution of dialysis for gel filtration because of
the large volumes involved, this enzyme preparation is
equivalent to those authors’ SD enzyme and therefore it is
called SD enzyme in this paper.
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TABLE 1: Requirements for Synthesis of t*A by an E. coli SD
Enzyme Preparation.®

{1C]Threonine
Incorporated
System (cpm)

Complete 433

— ATP 60

~ NaHCO;, 152

~ MgCl, 55

— tfA-deficient tRNA 40

— Enzyme 50

? The assay ‘system (see Experimental Section) contained
0.3 mg of t°A-deficient tRNA and 0.4 mg of SD enzyme protein
in a volume of 0.20 ml.

Ammonium Sulfate Fractionation of E. coli SD Enzyme
Preparation. Ammonium sulfate pellets were obtained at
35, 50, and 80% saturation, and suspended and dialyzed as
above. Assay showed that 80% of the t5A synthetase activi-
ty was in the 50-80% cut, so this material was saved and
stored frozen in 5-ml aliquots.

Preparative Synthesis of Labeled 14 in tRNA. The pre-
parative incubation contained the following in a volume of 2
ml: 50 mM Tris-HCI (pH 8.0), 20 mm MgCly, 25 mM KCl,
5 mM dithioerythritol, 10 mM ATP, 0.025 mM ['4C]-L-
threonine (50 Ci/mol), 25 mM NaHCO;, 1-2 mg of t°A-
deficient tRNA, and 4 mg of SD enzyme protein. After in-
cubation for 20 min at 37°, the mixture was extracted in
the usual way with phenol and then with ether, and the
aqueous phase was applied to a Sephadex G-25 column (20
ml) which had been equilibrated with 0.5 M Tris-HCI (pH
8.0). The tRNA was cluted with the same buffer, precipi-
tated with alcohol, collected, and dried in vacuo.

When t°A labeled with ['*C]NaHCOj; was prepared, the
above was scaled down to 0.2 ml, and 15 mM
["*CINaHCO; (50 Ci/mol) and | mM L-threonine were
substituted for unlabeled NaHCOj3; and labeled 1-threo-
nine. After the incubation, water was added to 2 ml, and the
mixture was treated as above.

Acid Hydrolysis of Enzymatically Labeled tRNA. The
labeled tRNA was dissolved in 0.5 ml of water, and 0.5 ml
of 2 N HCI was added. The solution was heated for 15 min
in a boiling water bath to release purines including the la-
beled tSAde from the tRNA (Chheda et al., 1969). The re-
sulting solution was flash evaporated, water was added, it
was flash evaporated again, and this was repeated once
more to remove all traces of HCI,

Paper Electrophoresis of Purines Released from Labeled
tRNA. The solution of the purines freed of HCI was spotted
along with standards onto filter paper (S and S 589 Or-
ange) moistened with 1% acetic acid which had been adjust-
ed to pH 7.8 with NH,4OH. Electrophoresis was performed
in an apparatus with a water-cooled flat bed at 50 V/cm for
45 min. The paper was dried and cut into 1 X 4 ¢m strips
which were counted in a liquid scintillation counter as
above.

Results

Synthesis of t°4 with an E. coli (SD) Enzyme Prepara-
tion. The assay adopted depended on the incorporation of
['*C]-L-threonine into acid-insoluble form when incubated
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FIGURE 1: Dependence on pH of t°A synthesis by an E. coli SD en-
zyme preparation. The assay (see Experimental Section) included 0.4
mg of SD enzyme protein and 0.3 mg of téA-deficient tRNA in a vol-
ume of 0.20 ml. Final buffer concentration was 0.20 M. Buffers used
were: sodium acetate (pH 4.0, 4.5), sodium maleate (pH 5.1-6.9), and
Tris-HC! (pH 7.5-8.5),

under certain conditions with a tRNA preparation deficient
in t°A. The deficient tRNA was obtained from a mutant E.
coli CP 79 which is a threonine auxotroph and a relaxed
control mutant capable of synthesizing RNA in the absence
of protein synthesis. When cells of this strain are starved for
threonine they continue to synthesize tRNA and this tRNA
must be deficient in tSA. The tRNA prepared in this way
was treated with periodate to completely destroy all amino
acid acceptor activity, since obviously threonine incorpora-
tion caused by threonyl-tRNA synthetase would interfere
with the assay.

Using this system, it was found that an E. coli soluble
fraction (the SD enzyme), which had been freed of endoge-
nous tRNA as required for this assay, could incorporate la-
beled threonine into the t°A-deficient tRNA, and this activ-
ity depended upon the presence of ATP, Mg?*, and bicar-
bonate (Table I). The requirement for bicarbonate was
especially encouraging since this definitely distinguished
the t6A synthetase reaction from incorporation due to the
threonyl-tRNA synthetase.

The optimum bicarbonate concentration was found to be
quite high, about 8 mM. In the absence of added bicarbon-
ate there was a small but significant reaction which could
be due to the presence of bicarbonate in the enzyme or in
the buffers or could be due to the incomplete destruction by
the periodate of threonine tRNA in the t®A-deficient
tRNA. If 1-2% of the original threonine tRNA had sur-
vived the periodate treatment, this could account for the ob-
served bicarbonate-independent threonine incorporation.
Since a [-2% survival was a definite possibility, it seemed
best to take only the bicarbonate-dependent incorporation
as a measure of the t6A synthetase.

The optimum conditions for the t®A synthetase activity
were then determined. An ATP concentration curve showed
a sharp optimum at 10-15 mM; above this the activity
dropped sharply even though an equivalent concentration of
Mg?* was added when the ATP concentration exceeded 10
mM. With the ATP held at 10 mM, the optimum concentra-
tion of Mg?* was determined to be 20 mM. The pH curve
showed a sharp optimum at pH 7.7-8.2 (Figure 1). The loss
of activity above 8.2 could be due to the instability of t°A in
alkali. Chheda et al. (1969) and Schweizer er al. (1969)
found that t°A in mild alkali (0.2 M NH4OH) rearranges to
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FIGURE 2: Gel filtration chromatography of E. coli SD enzyme on an
agarose gel column. E. coli SD enzyme (500 mg of protein in 5 ml
after concentration by dialysis against 50% glycerol) was applied to a
Bio-Gel A 1.5m column (1.4 X 80 cm) previously equilibrated with 20
mM Tris-HCI (pH 8.0)-0.1 mM dithioerythritol-0.1 M KCl, and elut-
ed with the same buffer. The column was run at 4°. Fractions of 1.2 ml
were collected at a flow rate of 0.1 ml/min. Aliquots were assayed for
threonyl-tRNA synthetase (®) using bulk £. coli tRNA, and for ap-
parent tA synthetase activity (M) using t®A-deficient tRNA; (—)
A350 nm- The same results were obtained when the KCl concentration
of the buffer solution was raised from 0.1 to 0.5 M and when the KCI
was replaced by 10 mm MgCls.

release the carbonylthreonine fragment from the adenine in
the form of an internal urethane, i.e., 5-methyl-2-oxooxazo-
lidine-4-carboxylic acid. A separate experiment was there-
fore run to determine the alkali lability of the enzymatically
synthesized t6A. After the usual enzymatic synthesis at pH
8, the pH was raised to 10 and incubation continued for 20
min at 37°. At the end of the pH 10 incubation, assay
showed that the synthesized t°A had been completely de-
stroyed.

The time curve for the reaction showed that it had gone
to completion by 20 min with 2 mg/ml of SD enzyme pro-
tein and 1.5 mg/ml of deficient tRNA. A calculation from
the maximum incorporation obtainable with the tfA-defi-
cient tRNA indicated that it was less deficient in tSA than
had been hoped. If the cells which synthesized it were in-
deed completely starved for threonine, if threonine were the
only amino acid which could be added to the adenosines in
the newly synthesized tRNA, and if the cells synthesized
RNA equivalent to 50% of the initial RN A during the star-
vation period, then 339% of the isolated tRNA should have
been deficient in t6A. Taking the value for the normal t°A
content of E. coli tRNA as 0.07 mol/100 mol of nucleo-
tides (Chheda et al., 1969), 33% of this would be 0.023
mol/100 mol of nucleotides theoretical acceptor activity.
The actual incorporation gave only 0.003 mol/100 mol of
nucleotides or 13% of the theoretical value. The low value
obtained is probably due to the fact that glycine can be used
in place of threonine for modification of the same tRNAs
(see below).

Purification of the 154 Synthetase Activity. The E. coli
SD enzyme was concentrated by dialysis against 50% glyc-
erol and chromatographed on an agarose gel (Bio-Gel A
1.5m) column (Figure 2). The column fractions were as-
sayed both for t°A synthetase and for threonyl-tRNA syn-
thetase. A peak of the latter was found in the expected loca-
tion; the enzyme is known to have a molecular weight of
116,000 (Hirsh, 1968). There appeared to be two peaks of
tOA synthetase activity, a first peak having an apparent mo-
lecular weight of about 260,000 and a second peak, 22,000.
When the best fractions of the first and second peaks were
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FIGURE 3: Dependence on bicarbonate of threonine incorporation ac-
tivity of agarose gel column fractions. The two peaks of apparent t5A
synthetase activity from the Bio-Gel A 1.5m column, Figure 2, were
pooled separately and then assayed for [!4C]-L-threonine incorporation
as a function of the added bicarbonate concentration. Each assay tube
contained 0.2 mg of t6A-deficient tRNA in a volume of 0.2 ml; (®)
first peak, 0.14 mg of protein per assay; (W) second peak, 0.04 mg of
protein per assay.

pooled separately and tested, it was found, however, that
only the enzyme in the second peak carried out a
['*C]threonine incorporation which was dependent upon
the addition of bicarbonate (Figure 3). That the second
peak was indeed the desired t°A synthetase was established
by showing that the product of the incorporation after acid
hydrolysis of the tRNA to release purines had the same
electrophoretic mobility as authentic t®Ade (see below).

When a 50-80% Am,SO; cut of the SD enzyme was
chromatographed in the same way on the agarose gel col-
umn (Bio-Gel A 1.5m), both the bicarbonate-independent
first peak and the bicarbonate-dependent second peak ap-
peared as well as the peak of threonyl-tRNA synthetase as
in Figure 2. The purification of the t°A synthetase achieved
by these steps is summarized in Table II.

Because the apparent molecular weight of the t®A syn-
thetase on this particular type of agarose gel column was
unexpectedly low, it was decided to check the value by chro-
matography on a different type of gel column. Figure 4
shows the result of fractionation on a polyacrylamide gel
column. In this case the assay for t°A synthetase was made
specific by determining only the bicarbonate-dependent in-
corporation of labeled threonine into deficient tRNA. This
was done by assaying each column fraction without added

TABLE II: Partial Purification of E. coli t*A Synthetase Activity.

Specific
Activity®
Purification Volume Protein Activity? (units/mg
Step® (m}) (mg) (units) of protein)
SD enzyme 270 6900 900 0.13
Ammonium sul-
fate, 50-8077 34 1420 475 0.33
Bio-Gel A 1.5m
chromatog-
raphy 25 95 100 1.05

* The purification steps were performed as described in the
Experimental Section and in Figure 2. ® The activity represents
bicarbonate-dependent incorporation of [14C]-L-threonine (see
Experimental Section and Figure 4).
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FIGURE 4: Polyacrylamide gel filtration chromatography of the 30-
80% Am,SO, fraction from the E. cofi SD enzyme. The 30-80%
Am>SOy, fraction (150 mg of protein in 2.5 ml) was applied to a Bio-
Gel P 100 column (1.4 X 22 cm) which was operated under conditions
described in Figure 2. Fractions of 0.9 ml were collected at a flow rate
of 0.25 ml/min. They were assayed for threonyl-tRNA synthetase ac-
tivity (@) using bulk £. coli tRNA and for t°A synthetase activity (m)
by determining the bicarbonate-dependent incorporation of ['*C]-1.-
threonine using 18 A-deficient tRNA. To do this, a blank containing no
added bicarbonate was run on each column fraction. The blank value
was subtracted from the value obtained in the assay of the same frac-
tion with 25 mM NaHCOj3; (—) A280 nm. The arrow marked “alb™ in-
dicates the peak tube of human serum albumin (70,000) and the one
marked “myo" that of horse myoglobin (17,800) run on the same col-
umn as above.

bicarbonate and with 25 mM bicarbonate added, and sub-
tracting the value without bicarbonate from the value with
bicarbonate. A single peak of t°A synthetase was found, the
molecular weight of which appeared to be about 50,000~
60,000. It was a sharp peak suggesting that only a single
protein was involved.

The purified t°A synthetase is quite unstable when kept
at 4° even in the presence of 0.1 mM dithioerythritol. This
makes the yield of enzyme from the gel columns rather low;
during the 36 hr required to run the Bio-Gel A [.5m col-
umn, at least 75% of the activity was lost, and in some ex-
periments up to 90% was lost. The enzyme cannot be stabi-
lized with glycerol or ethylene glycol, as these compounds
inhibit the enzyme about 50% at a concentration of 10%
(v/v). The column fractions did, however, retain their activ-
ity well when stored frozen. The enzyme was stored frozen
in small aliquots, used immediately upon thawing, and was
not refrozen.

The addition of 100 mM KCl inhibited the enzyme 100%,

TABLE 11i: Affinity of Substrates and Inhibitor for Purified t6A
Synthetase.”

Michaelis Inhibitory
Substrate Constant Constant
or Inhibitor Ky (M) Kr (™)
ATP 5.9 x 1073
NaHCO, 6.8 X 1073
L-Threonine 7.7 X 1073
Glycine® 1.3 X 1074
D-Threonine 3 X 107

“ The methods used are given in Figure 5. ° The bicarbonate-
dependent ['Clglycine incorporation was measured as in Fig-
ure 5 for ['*C]-L-threonine.
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TABLE 1v: Effect of Added Amino Acids on the Synthesis of

t°AY
["Cl-L-Threonine
Incorporated (cpm)

4= 25 mym — Na-

Addition NaHCO; HCO,
None 403 51
Glycine, 1 mMm 108 36
L-Valine, 1 mm 328 44
L-Glutamine, 10 mMm 366 54
L-a-Aminobutyric acid, 1 mm 469 45
D-Threonine, 1 mm 127 47
L-allo-threonine, 1 mm 390 40

“ The assay (see Experimental Section) included in a volume
of 0.20 ml, 0.2 mg of téA-deficient tRNA, 40 ug of enzyme pro-
tein purified on Bio-Gel A 1.5m (see last line of Table II), and
0.05 mm [1C]-L-threonine.

though 25 mM KCI had very little effect on the activity.
Ammonium chloride at 10 mM inhibited the enzyme about
90%.

The K u of the purified enzyme for ATP was found to be
6 X 107 M and the Ky for bicarbonate, 6.7 X 1073 Mm
(Table 111).

Amino Acid Specificity of the Purified 1°4 Synthetase.
There have been a number of reports that tRNA also con-
tains t°A-like nucleosides having a glycine or serine instead
of a threonine (Chheda er al., 1969; Schweizer et al., 1970:;
Kimura-Harada er a/, 1972a; Cunningham and Gray,
1974). Kimura-Harada et al. (1972a) found small amounts
of glycine and serine on hydrolyzing the t®A preparation
from certain purified tRNAs. This raised the possibility
that the glycine and serine analogs to t°A may be present as
minor variants in place of t5A in the anticodon adjacent po-
sition in individual tRNA species which have t1°A. One way
to approach this problem is to determine the amino acid
specificity of the purified t°A synthetase. To see if the en-
zyme can utilize glycine, the effect of unlabeled glycine on
the labeled threonine incorporation was first determined
(Table IV). Glycine, when present in 20-fold excess over the
threonine, inhibited the incorporation of the latter about
80%. Then ['*C]glycine was tested and found to be incorpo-
rated in place of L-threonine into the t®A-deficient IRNA
by the purified t®A synthetase under the conditions for thre-
onine incorporation. The Ky for glycine was found to be
only a little higher (1.3 X 1074 m, Table 11) than the K v
for t-threonine (7.7 X 107> M, Figure 5 and Table I11). D-
Threonine was found to inhibit glycine incorporation (Table
V) to the samc extent as it does 1-threonine incorporation
(Table 1V). (The latter inhibition was shown (Figure 5) to
be competitive with a K of 3 X 107* M.) These results sup-
port the idea that the glycine and threonine incorporation
are brought about by the same t°A synthetase. This idea is
further strengthened by the fact that the two activities
decay at the same rate when the purified enzyme loses its
activity at 4°.

The fact that L-glutamine even in 200-fold excess over
threonine has little or no inhibitory action on t®A synthetase
(Table 1V) argues strongly against t®A synthesis as a secon-
dary activity of carbamyl phosphate synthetase (Anderson
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FIGURE 5: Lineweaver-Burk plots showing Michaelis constant (Kn)
for L-threonine and inhibition by D-threonine with the tSA synthetase.
Bicarbonate-dependent [!4C]-L-threonine incorporation was measured
at the indicated concentrations of L-threonine. To do this, a blank was
run without added NaHCOj at each threonine concentration, and the
blank value was subtracted from the value obtained with 25 mwm
NaHCO;. Assays contained t®A-deficient tRNA and enzyme was pu-
rified as in the last line of Table II. Incubation time was 10 min. (@)
t5A synthesis as a function of L-threonine concentration; (M) same with
100 uM D-threonine added; (¢) same with 250 uM D-threonine added.

et al., 1970). Powers and Peterkofsky (1972a) have pre-
sented evidence that carbamyl phosphate synthetase is not
essential for t6A synthesis in vivo.

Identification of the Enzymatically Labeled Product as
t54. An authentic sample of unlabeled t®Ade to be used as
a marker was first prepared from bulk yeast tRNA essen-
tially by the method of Chheda et al. (1969) (Elkins, 1973).
The identity of the product was confirmed by comparison of
its ultraviolet spectrum in acid, neutral, and alkaline solu-
tion with the published spectra of tSAde (Chheda er al.,
1969). Then the labeled product of the t°A synthetase was
acid hydrolyzed and chromatographed on a Dowex 50-X8§
column as in Chheda et al. (1969). The labeled product
eluted at the same position as the authentic sample of t6Ade
(Figures 3-8 in Elkins, 1973). A smaller labeled peak fol-
lowed the main peak of tAde. This peak has not been iden-
tified yet; it could be the N®-methyl derivative of t®Ade
(Kimura-Harada ef al., 1972b). As a further check on the
enzymatic product, a doubly labeled product was prepared
starting with [3H]-L-threonine and [!*C]NaHCOs. The
two labels migrated together on electrophoresis and with
the same mobility as that of authentic tAde (Figure 6).

Discussion

An enzyme system has been developed for the synthesis
of tA by the modification of adenosines in t®A-deficient
tRNA. An enzyme which can carry out this reaction has
been purified from the soluble protein of E. coli by DEAE-
cellulose treatment, ammonium sulfate fractionation, and
gel filtration chromatography. The reaction is dependent
upon bicarbonate, and labeled bicarbonate appears in the
tSA product, which establishes that bicarbonate or CO; is
the precursor of the carbonyl group in tSA. ATP is required
for the synthesis; the number of moles of ATP required per
mole of product and the nature of the split products of ATP
have not yet been determined. Since two covalent linkages
are formed, one would predict that at least 2 mol of ATP
would be required.

These experiments have been particularly valuable in elu-
cidating the question of the synthesis of the analog of t6A

BIOCHEMISTRY, VOL.

TABLE v: Effect of D- and L-Threonine on the Incorporation of
[14C]Glycine by the Purified t6A Synthetase.®

[C]Glycine
Incorporated (cpm)

+ 25 mMm
Addition NaHCO; — NaHCO;
None 640 42
D-Threonine, 1 mM 196 34
L-Threonine, 1 mm 224 38

¢ The system was as for t®A synthesis (see Table IV) except
that [**C]glycine (0.05 mm, 10 Ci/mol) was substituted for
[14C}-L-threonine.

containing glycine which has been found in tRNAs, some-
times present with the major t°A in a single purified species
of tRNA (Chheda et al., 1969; Schweizer er al., 1970; Ki-
mura-Harada et a/., 1972a; Cunningham and Grey, 1974).
From the experiments presented here on glycine incorpora-
tion into t®A-deficient tRNA, it would appear that the same
enzyme is involved in the utilization of both glycine and
threonine. Each amino acid competes with the incorpora-
tion of the other, and they are both inhibited by D-threo-
nine. The activity for both, which resides in the same col-
umn fractions, decays at the same rate on storage of the en-
zyme at 4°. Further work will be needed to determine if ser-
ine, which also appears in a t®A-like nucleoside (see above
references), behaves like glycine in the enzymatic system.

The findings on glycine may help to explain the fact that
the tRNA synthesized during threonine starvation in the re-
laxed control E. coli CP 79 was not as deficient in modifi-
cation as would be predicted. The t®A-deficient tRNA may
have had more than the normal content of the glycine ana-
log of t°A. It may be that the only way to prepare a tRNA
in which the particular adenosines are largely unmodified
would be to use a relaxed control E. coli requiring threo-
nine, glycine, and probably also serine, and to starve for all
three of these amino acids.

During the purification of the t°A synthetase, the activity
was not lost as it could have been if more than one enzyme
were required for the reaction. All the evidence so far
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FIGURE 6: Paper electrophoresis of acid-hydrolyzed tRNA which had
been doubly labeled enzymatically with [3H]-L-threonine and
["*C]NaHCOs. Doubly labeled tRNA was synthesized and hydrolyzed
as described in the Experimental Section. The dried material was dis-
solved in 25 ul of water, spotted on the moistened filter paper, and elec-
trophoresed (see Experimental Section). The markers of L-threonine
and authentic t®°Ade, which were also applied to the paper, were visual-
ized by ninhydrin reaction and uv absorbance, respectively, and are in-
dicated by the arrows. (A) [*H]Threonine incorporated, pmol/cm of
paper; (®) '*C incorporated from [14C}]NaHCO3, pmol/cm of paper.
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suggests that a single enzyme carries out the reaction,
though this will need to be confirmed by further purifica-
tion. If a single enzyme protein carries out the reaction, it
would have to bind, though probably not simultaneously, a
large number of substrates, L-threonine (or glycine),
HCO;~, unmodified adenosine in certain specific tRNAs,
and at least two molecules of ATP. A precedent for such a
complex enzyme is found in the case of a very similar reac-
tion, the formation of carbamyl aspartate from ammonia,
CO», aspartate, and ATP by a single enzyme from Neuros-
pora (Williams and Davis, 1968). This enzyme has the
combined activity of carbamyl phosphate synthetase and
aspartate transcarbamylase. There would be a rationale for
such a complex enzyme in the case of t®A synthesis; if all
the steps occur on a single enzyme, this would obviate the
necessity of a buildup in the cytosol of substrate levels of
free intermediates such as a possible N-(phosphocar-
boxy)threonine or AN®-(phosphocarboxy)adenosine in
tRINA, the two analogs of carbamyl phosphate in this reac-
tion.
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