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ABSTRACT

Embryos from rice (Oryza sativa L. var. Bluebonnet) and
wheat (Triticum aestivum L.) contain an aminoacyl-tRNA pro-
tein transferase which transfers arginine from arginyl-tRNA to
the N terminus of a protein acceptor. The activity was measured
in vitro in a reaction mixture containing embryo supernatant
fraction, buffer, sulfhydryl reagent, and arginyl-tRNA. It was
not dependent on the usual cofactors for ribosomal protein
synthesis, nor was it sensitive to cycloheximide or puromycin.
However, the activity was inhibited by ribonuclease. The en-
zyme was purified 33-fold from a crude homogenate of rice
embryos. An apparent endogenous substrate from rice embryos
was prepared free of transferase activity; however, the trans-
ferase was not purified sufficiently to show absolute dependence
on the presence of this endogenous substrate.

Aminoacyl-tRNA protein transferases catalyze the transfer
of amino acids from aminoacyl-tRNA to the N-terminal ends
of preformed protein acceptors (9, 14). They were first discov-
ered by Kaji et al. in E. coli (5). They were subsequently found
in rat liver (6), plasma cell tumors (18), sheep thyroid glands
(16), and rabbit liver (15). These enzymes can be divided into
two classes: those which are found in bacteria and transfer
leucine and phenylalanine (8), and those found in eucaryotes
which transfer arginine (6, 13).
The bacterial enzyme requires that an NH2-terminal arginine

be present on the protein acceptor (9, 10), and further that the
tRNA moiety be intact, since no transfer occurs from the
acylated 3'-pentanucleotide fragment of E. coli tRNAPhO. The
exact anticodon triplet present on the tRNA molecule does not
seem to be the basis for specificity in the reaction, since valyl-
tRNAVl will not serve as a substrate, but phenylalanyl-tRNA"'
wil (10).
The enzyme isolated from rabbit liver has a requirement for

aspartic or glutamic acid as the NH,-terminal amino acid of
the acceptor protein (14).

MATERIALS AND METHODS

Embryo Isolation. Isolation of excised embryos of wheat
(Triticum aestivum L.) and rice (Oryza sativa L. var. Blue-
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bonnet) was performed by a modification of the organic solvent
method of Johnston and Stern (4).
Enzyme Purification. The embryos were homogenized in 10

mM tris acetate, pH 7.8 (8 ml/g embryos) with a mortar and
pestle at 0 C. The homogenate was centrifuged for 10 min at
27,000g at 3 C, and the supernatant fraction was decanted and
subsequently centrifuged for 2 hr at 40,000 rpm in a Spinco
TiSO rotor at 2 C. The supernatant fraction was removed and
designated as crude supernatant fraction.

Crude supernatant fraction was brought to pH 5.7 (tempera-
ture approximately 0 C) by the addition of 0.05 N HCI. The
preparation was then centrifuged immediately at 15,000g for
10 min at 2 C. The supernatant fraction was decanted, adjusted
to pH 4.8 by the addition of 0.05 N HCI, and again centrifuged
as above. The material, which precipitated at pH 4.8, was
saved and dissolved in 10 mm tris acetate, pH 8.2.
The preparation was then brought to 30% saturation by the

addition of solid ammonium sulfate at 0 C. The suspension
was immediately centrifuged at 15,000g. The supernatant frac-
tion was decanted, brought to 60% saturation with solid am-
monium sulfate, and immediately centrifuged as before. The
second supernatant fraction was discarded, and the precipi-
tated material was dissolved in a minimal volume of 10 mM
tris acetate, pH 8.2.
An equal volume of 8.0 M urea containing 0.4% Triton X-

100 and 20 mm potassium phosphate, pH 8.0, was added to the
enzyme solution which was then allowed to stand for 10 min
at 0 C. Four milliliters of this preparation were chromato-
graphed at 2 C on a Sephadex column (2.5 X 45 cm) packed
with Sephadex G-200 in the manner described by Sachs and
Painter (12). The column was eluted with 4.0 M urea in 20.0
mm potassium phosphate, pH 8.0, buffer. The A, was contin-
uously monitored and 6.0-ml fractions were collected. The
fractions were dialyzed separately overnight against 20 mm po-
tassium phosphate, pH 8.0, at 0 C and then assayed.
Enzyme Assay. The enzyme usually was assayed by incuba-

tion with 1'C-arginyl-tRNA, 3.0 mm dithiothreitol, 20 mM tris
acetate, pH 8.1, and 0.2 to 1.0 mg of rice protein substrate in
a volume of 0.5 ml at 30 C. The protein substrate was pre-
pared by heating the crude rice supernatant fraction for 5 min
on a boiling water bath and dialyzing at 2 C for 48 hr against
four changes of 200 volumes of 20 mm potassium phosphate
pH 7.8. The procedure for preparation of 'C-arginyl-tRNA has
been described (1).
The enzyme activity was also assayed where indicated by

incubation with 40 mm tris acetate, pH 8.1, 3.0 mm dithiothrei-
tol, 3.5 mM Mg acetate, 0.2 tuc/ml of "4C-amino acids, 0.1 mm
GTP, 4.0 mm creatine phosphate, 0.030 mg/ml of creatine
kinase, 1.0 mi ATP, and 24 mm KCl in a volume of 0.5 ml.
The amount of radioactivity insoluble in trichloroacetic acid

was determined as previously described (1). All incorporation
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data reported are total counts corrected for background (42
cpm).

N-Terminal Analyses. A large amount of the "C-arginyl
product was prepared using the ATP generating system reac-
tion conditions given under "Enzyme Assay" above. The reac-
tion mixture was dialyzed twice at 2 C against 200 volumes of
20 mm potassium phosphate buffer, pH 7.8, for 4 hr, once
against the same buffer containing 1.0 mm '2C-arginine, and
finally twice against the buffer alone. The product was stored
in liquid N2 until needed. A portion of radioactive product was
reacted with fluorodinitrobenzene as described by Block et al.
(2), and the purified product of this reaction hydrolyzed in a
sealed ampoule in 6.0 N HCl for 18 hr at 105 C. The resulting
free amino acids and free dinitrophenylated amino acids were
chromatographed on Whatman No. 1 paper in the following
two solvent systems: acetone-water-urea, 60:40:0.5, and wa-
ter saturated 1-butanol. Chromatography was carried out at
25 C.

Another portion of radioactive product was used for the
cyanate amino terminal analysis. For this purpose the mixture
was reacted with sodium cyanate and hydrolyzed as described
by Stark and Smyth (17). The resulting hydrolysate was chro-
matographed on Whatman No. 1 paper with 70% aqueous ace-
tone in addition to the solvents described above.

Chromatograms were dried, cut into 1.0-cm strips perpen-
dicular to the direction of solvent flow, and counted in a liquid
scintillation counter using 10 ml of scintillation fluid per strip.
A toluene based scintillation fluid consisting of 3.0 g of 2,5-
diphenyloxazole and 0.1 g of 1,4-bis-2-(4-methyl-5-phenylox-
azole)-benzene per liter of toluene was used.

Miscelianeous. Protein concentrations were determined by
either the Biuret method (7) or the Lowry et al. method (1 1).
Ammonium sulfate precipitations were carried out at 0 C

with solid ammonium sulfate using the nomograph of di Jeso
(3).

RESULTS

"C-Amino acid incorporation by rice supernatant fraction
was not dependent on ribosomes. In addition, neither GTP nor
a significant concentration of monovalent cation was required
(Table I). However, incorporation was dependent on the pres-
ence of Mg2+ and ATP.

Since the results presented in Table I were obtained by em-
ploying a mixture of "C-amino acids, "C-amino acids were
added singly to the reaction mixture to determine which "C-
amino acids were responsible for the incorporation (Table II).
Arginine was the only amino acid which significantly decreased

Table I. "4C-Amilno Acid Ilicorporationz by Crude
Sluperntatanzt Fracitioni fromn Rice

The complete reaction mixture used was that given under
"Materials and Methods;" 0.2 ml of crude supernatant fraction (15
mg,j'ml protein) and 3.0 A360 units of ribosomes were also present.
Incubation time was 1 hr.

Experimental Conditions

Complete reaction mixture
- Ribosomes
- GTP
- Mg2+
- ATP, cretaine phosphate and

creatine kinase

- K-

Incorp)oration

1602
1863
1714

23
32

1577

Table II. Isotopic Dilutiont of "4C-Amino Acid Incorporatioti by
Crude Superniatant Fraction from Rice

Reaction mixture is that described under "Materials and Meth-
ods," except that 1.0 mm of the above listed amino acids was
present as noted. The control value (100%" incorporation) was
2572 cpm. All percentage values are ±4%4.

l2C-Amino Acid Present Incorporation

None 100
Alanine 100
Arginine 39
Aspartic acid 100
Glutamic acid 100
Glycine 100
Histidine 95
Isoleucine 95
Leucine 93
Lysine 100
Phenylalanine 97
Proline 99
Serine 92
Threonine 100
Tyrosine 100
Valine 97

Table III. "4C-Arginiie Inicorporationi by Crude Suipernatanit
Fractioni fromn Rice anid Employinig Arginyl-tRNA as Substrate
There were 3400 cpm of '4C-arginyl-tRNA per tube. Ribonu-

clease concentration was 10.0 jAg,'ml. Incubation time was 1 hr.

Experimental Condition Incorporation

Cpm11
Complete reaction mixture 986
- Ribosomes 998
- Mg92 934
- ATP and ATP generating system 957
+ Ribonuclease 3

the incorporation obtained with the crude supernatant frac-
tion. It appears therefore that the soluble system is specific for
arginine.
As expected, employing "C-arginine as the sole labeled sub-

strate gave good rates of incorporation, and this incorporation
could be substantially reduced (3182 cpm to 25 cpm) by the
addition of "C-arginine. Leucine and serine somewhat de-
pressed this "C-arginine incorporation. This was probably due
to trace amounts of "C-arginine in these amino acids, since the
use of either "C-leucine or "C-serine alone did not result in sig-
nificant incorporation by the rice supernatant fraction.

If "C-arginyl-tRNA was employed as the substrate in the
assay, Mg2+, ATP, and the ATP generating system were not
necessary (Table III). These components apparently were
needed to synthesize arginyl-tRNA in vitro. As expected, the
reaction was abolished by ribonuclease.
The time course of the arginine incorporation was examined

with the "C-arginyl-tRNA as substrate. The data in Figure 1
indicate a linear response for the first 10 to 15 min, and then
a gradual decline in the rate of incorporation over the next 45
to 50 min.
The "C-arginine incorporation by the rice or wheat super-

natant fraction was not sensitive to either puromycin or cyclo-
heximide (Table IV).
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ARGINYL-tRNA PROTEIN TRANSFERASES

It may be possible to separate the endogenous acceptor sub-
strate from transfer activity by heating the crude supernatant
fraction as described in Methods. While all enzymatic activity
was lost after this treatment, the heat-treated preparation could
still stimulate the incorporation by the partially purified en-
zyme. Unfortunately, we were not able to separate completely
enzymatic activity from endogenous substrate. The partially
purified enzyme preparation which had the highest specific ac-
tivity (G-200 column fraction) showed good incorporation in
the absence of added substrate. However, its activity was dou-
bled in the presence of heat treated supernatant fraction (500
to 1200 cpm). Since it has been reported that heated rabbit
liver supernatant can serve as a substrate for the liver enzyme,

2
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0

0

0

z
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Table V. N-Terminal Analysis of "4C-Arginyl-acceptor from Rice
Chromatograms usually contained between 350 and 450 cpm.

Solvent System A-ssay ar N Terminal
rginine

10~

1-Butanol, water saturated FDNB 51 43
Acetone, H20, urea FDNB 33 51
Acetone, H20, urea Cyanate 0 84
Aqueous acetone (70%) Cyanate 3 79

Table VI. Purification of Arginyl-tRNA Proteinz Transferase
from Rice Embryos

Each tube contained 2100 cpm of 54C-arginyl-tRNA. Purification
is given in multiples of the crude supernatant fraction. All actual
cpm observed were between 500 and 1400.

Fraction Specific Purification Recoveryactivityovr

cp,n/rng C

Crude supernatant fraction 198 1 .0 100
pH precipitate 1188 6.0 48
(NH4)3S04 precipitate 2433 12.3 37
G-200 column fraction 6573 33.2 21

- 400

20L
0

z
0

0 200

0~
0

z

60

TIME IN MINUTES

FIG. 1. Time course of "C-arginine incorporation by crude su-
pernatant fraction from rice. Crude supernatant fraction contained
5.0 mg/ml protein. Each tube contained 3700 cpm of "C-arginyl-
tRNA (2.4 ,ug).

Table IV. 14C-Arginine Inicorporationi by Whzeat anid Rice
Supernatant Fractionis inz the Presence of Cycloheximide

or Puromycin
Cycloheximide concentration was 1.0 mM; puromycin, 1.0 mM;

rice supernatnt fraction, 12 mg protein/ml; and wheat super-
natant fraction, 15 mg protein/ml. Each tube contained 3500 cpm
of 14C-arginyl-tRNA.

| FrheatSupematant Rice SupernatantExperientalonditins Fration Fraction

Complete reaction mixture 377 353
As above + puromycin 391 441
As above + cycloheximide 388 342

0

2 3

FRACTIONS AS V/V0

FIG. 2. Arginyl-tRNA protein transferase activity distribution
with agarose gel filtration. Column dimensions were 45 cm x 2.5
cm diameter. Buffer used was 20 mm potassium phosphate, pH 7.8.
Fraction volume given as ratio of the elution volume (including the
void volume) to the void volume (69 ml). Activity distribution in
20 mM phosphate (0); activity distribution in buffer containing
4.0 M urea (M).

we suggest that the heated rice preparation may serve in a
similar manner here (13).
The results of the N terminal analyses indicated that most

of the incorporated 14C-arginine was in the N-terminal position
(Table V). The FDNB2 data revealed that only half of the in-
corporated "4C-arginine formed the dinitrophenylated deriva-
tive. This suggested that perhaps the enzyme was adding more

2Abbreviation: FDNB; fluorodinitrobenzene.

Plant Physiol. Vol. 52, 1973



Plant Physiol. Vol. 52, 1973

than one arginyl residue per polypeptide chain, or that there
was an incomplete reaction with FDNB. Since the cyanate
method showed approximately 80% of the "GC-arginine to be
N-terminal, it seems more likely that the reaction with FDNB
was not complete. Further, since virtually none of the 14C-
arginine liberated by the cyanate procedure was recovered as
free arginine, the 20% not accounted for as the hydantoin de-
rivative may have been lost through some side reaction such
as photodegradation.
An attempt was made to purify the transferase from rice

embryos. The maximum observed specific activity was obtained
by using the procedure described under "Materials and Meth-
ods" (Table VI). Attempts to purify the enzyme further were un-
successful. The broad range of molecular size, as measured by
the agarose gel column chromatography, was decreased consid-
erably in 4.0 M urea (Fig. 2). This decrease in size in the
presence of urea could be due to inactivation of certain forms
of the enzyme or to disruption of large aggregates.

Increasing concentrations of sulfhydryl reagent (2-mercap-
toethanol) irreversibly denatured the enzyme but did not
change its distribution upon fractionation with ammonium sul-
fate. This is in marked contrast to the behavior of the rabbit
liver enzyme, where 100 mm 2-mercaptoethanol apparently re-
moved the enzyme from an enzyme-macromolecular complex
(13). Incidentally, increasing the KCI concentrations up to 2.0
M did not change the distribution of the enzyme during agarose
(Bio Rad A-5 M) gel filtration.

DISCUSSION

Both wheat and rice embryos contain an arginyl-tRNA pro-
tein transferase. The enzyme appears to transfer arginine from
arginyl-tRNA to the N terminus of a protein acceptor. The
in vitro activity of the enzyme requires a reaction mixture
containing a sulfhydryl reagent and arginyl-tRNA. Unlike ribo-
somal incorporating systems, there is no requirement for mon-
ovalent or divalent cations, ATP, GTP, or ribosomes. How-
ever, the enzyme can function under the conditions usual for
in vitro ribosomal incorporation. For this reason, caution
should be exercised in interpreting results from experiments
employing '4C-arginine (or amino acid mixtures containing '5C-
arginine) to measure in vitro protein synthesis.
The enzyme from cereal embryos is similar to the one found

in rabbit liver inasmuch as it appears to be bound to a com-

plex cellular fraction. However, in the case of the cereal en-
zyme, the bonding does not appear to be eliminated with sulf-
hydryl reagents.
The occurrence of this class of enzymes in bacteria, mam-

mals, and higher plants suggests that they may serve an impor-
tant function in modifying pre-existing proteins.
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