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ABSTRACT An unusual minor species of bovine liver serine
tRNA has previously been isolated, sequenced, and found to sup-
press the UGA termination codon in protein synthesis in vitro
[Diamond, A., Dudock, B. & Hatfield, D. (1981) CeU25, 497-506].
We have now found that this tRNA can be a substrate in a specific
phosphorylation reaction in which phosphoseryl-tRNA is formed.
Moreover, bovine liver contains a second UGA suppressor serine
tRNA (tRNASerA; N is a modified nucleoside) which also forms
phosphoseryl-tRNA. The nucleotide sequence and coding prop-
erties of tRNASeA are presented.

The suppression of termination codons by naturally occurring
suppressor tRNAs has been best studied in prokaryotic systems.
The genomes ofboth bacteriophage Q(3 (1, 2) and A (3) code for
proteins that arise as a consequence of partial readthrough of
UGA termination signals by the normal tryptophan tRNA ofthe
host. In eukaryotes, tRNAs that suppress nonsense codons have
been observed in yeast and Drosophila (4) as well as in mam-
malian cells (5, 6). A tyrosine tRNA from Drosophila that lacks
the highly modified Q base in its anticodon is responsible for
suppressing the termination codon UAG, whereas the corre-
sponding tyrosine tRNA with a fully modified Q base does not
read UAG (4). In mammalian cells a naturally occurring sup-
pressor tryptophan tRNA has been shown to read the UGA stop
codon of -hemoglobin mRNA both in rabbit reticulocyte ly-
sates and in intact reticulocytes (5). In addition, we have re-
ported the characterization and nucleotide sequence of an un-
usual bovine liver UGA suppressor serine tRNA (tRNACrA)
(6).

In this paper we report that tRNASCA can be a substrate in
a specific phosphorylation reaction in which phosphoseryl-
tRNA is formed. In addition, there exists another bovine liver
suppressor serine tRNA (tRNASerA in which N is a modified
nucleoside whose structure has not yet been determined) which
also forms phosphoseryl-tRNA. The nucleotide sequence and
coding properties of tRNAeA are presented here. This tRNA,
like tRNACerA is aminoacylated with serine and suppresses the
UGA termination codon in vitro. The nucleotide sequences of
tRNAASer and tRNACerA differ in only six positions, all located
in the 5' 40% of the molecule.

MATERIALS AND METHODS
tRNA was isolated from bovine liver (7), estrogen-treated roost-
er liver (8), and rabbit reticulocytes (7). Aminoacyl-tRNA syn-
thetases were prepared from rabbit reticulocytes as described
(7). Conditions of aminoacylation were the same as those de-
scribed (6, 7) except that [3H]serine (14-28 Ci/mmol; 1 Ci =
3.7 X 1010 becquerels) was used. Bovine liver tRNAeCA was

purified as described (6). tRNASA was isolated from fresh bo-
vine liver (9) and subsequently purified by three successive
chromatographic runs on RPC-5 columns, first in a linear
0.525-0.725 M NaCl gradient as described (7), followed by the
same NaCl gradient run in the absence of Mg2", and finally in
a 0.45 M NaCl (150 ml) to 1.0 M NaCl (75 ml) concave gradient.
The final purification was by preparative electrophoresis on a
20% polyacrylamide gel (10).

Extracts of rooster liver (8) and bovine mammary tissue (11)
were prepared as described except that the tissues were ho-
mogenized in 0.01 M Tris HCl, pH 7.5/0.01 M MgCl2/0.01 M
2-mercaptoethanol/0.01 M sodium acetate/10% (vol/vol) glyc-
erol/0. 25 M sucrose and that the fraction eluting from a DEAE-
cellulose column (DE-52, Whatman) in 0.25 M KC1 was used
immediately as a source of seryl-tRNA synthetase and kinase.
Reaction conditions for phosphoseryl-tRNA formation were
the same as for aminoacylation of tRNA (6, 7) except that in
one experiment 10 mCi of [y-32P]ATP (obtained from New
England Nuclear and diluted to 10 Ci/mmol) was used.
[32P]Phospho[3H]seryl-tRNASA and [32P]phospho[3H]seryl-
tRNAEMCA were prepared with [3H]serine and [y-32P]ATP in
the presence ofan enzyme extract from mammary tissue. Seryl-
tRNA and phosphoseryl-tRNA were deacylated (11) and the
resulting amino acid products were identified by chromatog-
raphy in 1-butanol/acetic acid/water, 12:3:5 (vol/vol), and by
high-voltage electrophoresis at pH 3.5 (8, 11). Assays for the
suppression of the UGA termination signal of rabbit ,B-globin
mRNA and the ribosomal binding of seryl-tRNAs were per-
formed as described (6). Nucleotide sequence analysis of
tRNAASer was performed essentially as described (6).

RESULTS

Seryl-tRNASe'r and Seryl-tRNA~ec in the Total Bovine
Liver Serine tRNA Population. Seryl-tRNAler and seryl-
tRNACA were each chromatographed together with total bo-
vine liver seryl-tRNA on an RPC-5 column. Cochromatography
of total bovine liver [14C]seryl-tRNA with [3H]seryl-tRNA erA
and [3H]seryl-tRNACMC are shown in Fig. 1 A and B, respec-
tively. These tRNA profiles show that seryl-tRNAScr and
seryl-tRNA&MC represent only a small proportion of the total
serine tRNA population in bovine liver, that there is slightly
more seryl-tRNASer than seryl-tRNA&MrCA, and that the seryl-
tRNAEMCA elutes slightly later than seryl-tRNANCA from the
RPC-5 column. Both isoacceptors recognize only the nonsense
codon UGA in a ribosomal binding assay (see Table 1, experi-
ments 1 and 2).

Nucleotide Sequence. We have previously shown that the
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FIG. 1. Cochromatography of total bovine liver [14C]seryl-tRNA
with [3H]seryl-tRNAs' (A) and [3H]seryl-tRNACA (B). Total bo-

vine liver tRNA was aminoacylated with [14C]serine (171 mCi/mmol)
andthe purified seryl-tRNAswere each aminoacylated with [3H]serine
(14 Ci/mmol) by using rabbit reticulocyte synthetase. Each [3H]seryl-
tRNA (---) was cochromatographed with total bovine liver [14C]seryl-
tRNA (-) on an RPC-5 column as described (6, 7).

nucleotide sequence of a UGA suppressor serine tRNA
(tRNAercAj) exhibits a number of unusual structural features
(6). Among these are a dihydrouridine stem region containing
two extra nucleotides compared to other tRNAs, a non-base-
paired extra nucleotide within the double-stranded loop IV
stem, only six modified residues, and a tryptophan anticodon,
CmCA. The nucleotide sequence oftRNASerA was determined
by using three independent methods as described (6). Similar
methods were used to determine the structure oftRNAsA (Fig.

2). The arrows in Fig. 2A indicate the differences between
tRNAeA and tRNACMCA. The two sequences are very similar,
differing in only six positions. Both tRNAs share the above-
mentioned unusual features except that tRNASeA has only four

modified residues and does not have a 2'-0-methylated C in
the wobble position of the anticodon. The absence of this mod-
ified residue was confirmed by the absence of gaps in autora-
diograms of "ladders" generated by either formamide or RNase
digestion of end-labeled tRNAseA electrophoresed on poly-
acrylamide gels. The residue in the wobble position of the anti-
codon of tRNACA is a modified nucleotide whose structure is
unknown.

Fig. 2 shows tRNA~CA in two different cloverleaf forms. In
Fig. 2A the tRNA has five base pairs in the dihydrouridine stem
and nine nucleotides in the dihydrouridine loop but it lacks the
universally present unpaired base between the dihydrouridine
and anticodon stems. In Fig. 2B the tRNA is shown with max-

imal base pairing in the dihydrouridine stem. Both of these clo-
verleaf forms, as well as several additional ones which can be
drawn, show the very unusual structural characteristics of this
tRNA.

tRNAASe, Can Suppress UGA Termination. We have pre-
viously demonstrated that tRNAeCA can suppress the opal ter-
mination codon, UGA, in an in vitro translation assay using
rabbit globin mRNA (6). In Fig. 3, we show that tRNANCA can
also suppress UGA. A yeast opal suppressor (14), tRNA~CeA
and tRNA~CA all result in the appearance of readthrough bands
when added to reticulocyte lysates programmed with rabbit
globin mRNA (see lanes a, b, and c, respectively).

Phosphoseryl-tRNASer and Phosphoseryl-tRNA Fo-NCA CM~eCA. For-
mation of phosphoseryl-tRNA from a minor species of seryl-
tRNA was reported in 1970 in rooster and rat liver (8) and sub-
sequently in lactating bovine mammary glands (11). To deter-
mine iftRNA~ecA and tRNA~NCA could be phosphorylated, total
tRNA from bovine liver was aminoacylated with [3H]serine in
the presence of ATP and an enzyme preparation from rooster
liver. The resulting [3H]seryl-tRNA was chromatographed on
an RPC-5 column (see Inset of Fig. 4). Fractions from the col-
umn were pooled as shown and designated with a roman nu-
meral in the order of elution. Fraction VI, which contained the
serine isoacceptors recognizing UGA, was chromatographed
again on an RPC-5 column. Three peaks and a trailing shoulder
of [3H]seryl-tRNA were obtained (Fig. 4). Each was pooled, and
they were designated A-D in the order of elution. Ribosomal
binding and deacylation studies were performed on each of the
latter fractions. As shown in Table 2, fraction VI A responded
to UCU but not to UGA, fractions VI B and VI C responded
strongly to UGA and slightly to UCU, and fraction VI D re-
sponded only slightly to UCU and UGA. Fractions VI B and VI
C correspond to seryl-tRNAS" and to seryl-tRNAS"c, re-
spectively. The responses of fractions VI B and VI C to UCU,
however, demonstrate that they were not completely separated
from a serine isoacceptor that recognizes UCU, as well as UCC
and UCA (data for UCC and UCA binding not shown). De-
scending paper chromatography of the products of deacylation
show that, although all seryl-tRNA species except those likely
to be contaminated with tRNAA and tRNASCeA contained a
very small amount of phosphoserine (<1%), fractions VI B and
VI C contained 39% and 35% phosphoserine, respectively.
These studies clearly demonstrate that an enzyme preparation
from rooster liver forms phosphoseryl-tRNA in a phosphoryla-
tion reaction with the isoacceptors recognizing UGA.
We have also prepared tRNA from rooster liver, aminoacyl-

ated it with [3H]serine in the presence of an enzyme extract
from rooster liver, and isolated the isoacceptor corresponding
to seryl-tRNA&MCA. Approximately 65% of this isoacceptor re-
sponded to UGA in the ribosomal binding assay, and it con-
tained 57% phosphoserine (Table 1, experiment 3). In confir-
mation of the work of Sharp and Stewart (11), we also obtained
an enzyme extract from lactating bovine mammary tissue that
is capable of forming phosphoseryl-tRNA. Aminoacylation of
bovine liver tRNA with mammary tissue extract demonstrated
that approximately 50% of the isoacceptors corresponding to
seryl-tRNASeA and seryl-tRNAcec responded to UGA in the
binding assay and contained approximately 65% phosphoserine
(Table 1, experiment 4). The relatively high levels of phos-
phoseryl-tRNAformed with seryl-tRNAer and seryl-tRNASer
in the presence of enzyme extracts from rooster liver and
mammary tissue in conjunction with the strong response of
these isoacceptors to UGA strongly suggest that phosphoseryl-
tRNA can also recognize UGA in the ribosomal binding assay.
[32P]Phospho[3H]seryl-tRNAcmA and [32P]phospho[3H]seryl-
tRNACA were also prepared and their binding to ribosomes was
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Table 1. Binding of seryl-tRNA"3"A, seryl-tRNACmA, and phosphoseryl-tRNA to ribosomes

A260
units

cpm of
A cpmt added tRNA % boundt % phospho-

Exp. [3H]Ser-tRNA* Codon 3H 32P 3H 32P added 3H 32P serine§
1 tRNAseA UGA 8,849 12,748 0.007 69.4 ND

Others <4% 12,748 0.007
None (703) 12,748 0.007

2 tRNAtCA UGA 8,689 11,496 0.002 75.6 ND
Otherl <4% 11,496 0.002
None (614) 11,496 0.002

3 tRNAtCA UGA 7,400 11,420 0.008 64.8 57.6
UCU 143 11,420 0.008 1.3
None (1,469) 11,420 0.008

4 tRNA&eA UGA 6,039 12,798 0.015 47.2 67.9
UCU 153 12,798 0.015 1.2
None (1,096) 12,798 0.015

tRNAtCA UGA 7,865 14,045 0.020 56.0 61.7
UCU 290 14,045 0.020 2.1
None (2,282) 14,045 0.020

5 [32P]Phospho[3H]- UGA 885 363 2,423 2,385 0.015 36.5 15.2 >50%11
seryl-tRNArcA UCU 56 -20 2,423 2,385 0.015 -

None (617) (335) 2,423 2,385 0.015
[32P]Phospho[3H]- UGA 1,129 562 2,970 2,115 0.008 38 26.6 >50%11
Se1Yl-tRNA8"mCA UCU 28 -28 2,970 2,115 0.008

None (597) (346) 2,970 2,115 0.008
* The source of the tRNA was bovine liver except in experiment 3, in which rooster liver was the source. The source of the
enzymes used were experiments 1 and 2, rabbit reticulocyte; experiment 3, rooster liver; experiments 4 and 5, mammary
tissue.

t cpm bound to ribosomes in the presence of codon minus cpm bound in the absence of codon. The latter values are given in
parentheses after "None" in-the codon column.

t Percent of cpm bound to ribosomes in response to codon. Value was obtained by dividing cpm bound to ribosomes in response
to codon (column 4) by cpm added to assay (column 5).

§ Samples were deacylated after coding studies and percent of phosphoserine was determined as given below. ND, not
determined.
Other codons tested in the binding studies were the serine codons (UCU, UCC, UCA, UCG, and AGU) and codons containing
a single substituted base in UGA (UGU, UGC, UGG, UUA, UAA, AGA, and CGA), except codon GGA, which was not tested.
The amount of [3H]seryl-tRNA bound to ribosomes in response to these codons was less than 4% of that bound in the presence
of UGA.

11 Percent phosphorylation was estimated from the specific activities of [32P]phosphate and [3Hlserine in phosphoserine and
from experiments carried out at the same time in which phosphoseryl-tRNAerA and phosphoseryl-tRNAC. were prepared
with unlabled ATP (see experiment 4). NCA N A

examined. These studies show conclusively that the binding of
phosphoseryl-tRNA to ribosomes is stimulated by UGA (Table
1, experiment 5).

DISCUSSION

We have shown that in higher eukaryotes there is a unique class
of minor serine tRNAs. Thus far we have characterized two of
these tRNAs, tRNACA and tRNAGMCA. Both suppress UGA,
both form phosphoseryl-tRNA, and both have unusual struc-
tural features. It is striking that the differences between these
two sequences involve pyrimidine transitions (with the possible
exception ofresidue 36) and that they all occur within the 5' 40%
of the molecules. The unusual structure of these tRNA mole-
cules raises an interesting question concerning the expression
of minor species of tRNA. Transcripts made by RNA polymer-
ase III have been shown to be controlled from regions within
the actual gene. This has been demonstrated for the Xenopus
laevis 5S RNA gene (16, 17) and the VAl gene of adenovirus
(18). Galli et al. (19) have pointed out that the 5' promoter se-
quences oftRNAMet and tRNALu from Xenopus laevis coincide
with a conserved sequence found in all eukaryotic tRNA genes.
This sequence block is located between residues 8 and 18, and
the consensus sequence is T-G-G-C-N-N-A-G-T-G-G (N here

represents ordinary nucleosides). It is interesting to note that
tRNACmCA and tRNANCA both minor species of serine tRNA,
contain two extra nucleotides within this important sequence.
It is therefore an enticing hypothesis that the relatively low lev-
els of certain minor species of tRNA are the result of the al-
teration of the 5' internal sequences that function as a promoter
for tRNA genes.

Isoacceptors corresponding to tRNAsrA and tRNASA have
been found in a variety of organisms, including Xenopus liver,
rabbit liver, and human reticulocytes (data not shown). These
tRNAs have been identified both by their chromatographic
properties on an RPC-5 column and by their specific response
to UGA in a ribosome-binding assay. Rabbit reticulocytes con-

Sertain an isoacceptor corresponding to seryl-tRNANCA, but little
or none of the isoacceptor corresponding to seryl-tRNA&MCA.
The seryl-tRNA population of chicken liver contains sub-
stantially more of the isoacceptor corresponding to seryl-
tRNACmCA than that corresponding to seryl-tRNANCA (data not
shown).
A number of questions are raised by this work. Are nonsense

codons being used in eukaryotes as signals for events other than
the termination of translation? The presence of two naturally
occurring UGA suppressor serine tRNAs and one naturally oc-
curring tryptophan tRNA (5) in higher eukaryotes would suggest

Biochemistry: Hatfield et aL
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FIG. 2. Nucleotide sequence of tRNAsA shown in two different cloverleaf forms. Arrows in A show the corresponding residues in
tRNAserCA. Residue N is a modified nucleoside found in the wobble position of the anticodon. pNp, obtained from the formamide fragment analysis,
migrated with an Rpup = 1.18 in the ammonium sulfate system of Gupta and Randerath (12). pN migrated like pT in the two-dimensional thin-
layer system of Silberklang et al. (13). The tRNA is cleaved at residue N by RNase U2 but not by RNase T1. Partial cleavage is observed with the
pyrimidine-specific RNase from Bacillus cereus. Although a small amount of m2G was observed at residue 6 by formamide fragment analysis, it
is most likely that this is the result of a low level of contamination by tRNA'mCA rather than partial modification of residue G-6 in tRNASA.

that the incorporation ofan amino acid in response to UGA does
occur. We do not know if the consequence ofhaving these sup-
pressor tRNAs is occasional readthrough of all UGA codons or
if there exists a certain subset of UGA codons for which read-
through is tolerated. The second question concerns the role of
phosphoseryl-tRNA. Does this molecule function in protein
synthesis to insert phosphoserine into a growing polypeptide
chain and, if so, for what function? Indeed, our data showing

a

._

b C d e

q.A

that [32P]phosphoseryl-tRNA can bind to ribosomes in response
to UGA would indicate that this possibility is likely. We hy-
pothesize that the modifications found in proteins are of two
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FIG. 3. Suppression of UGA by tRNA rcA andtRNAerA. Trans-

lation reactions were performed and the resulting products were iden-
tified as described (6). Reaction mixtures contained the following: lane
a, 10 tig of tRNA containing a yeast opal suppressor tRNA (14); lane
b, 0.875 pg of tRNACmrCA (6); lane c, 0.25 ,ug of tRNASeA; lane d, 10
lug of crude bovine liver tRNA; and lane e, no additions. RT indicates
the position of the f3-globin readthrough product.

FIG. 4. Identification of phosphoseryl-tRNA in the total popula-
tion of bovine liver serine tRNAs. Total bovine liver tRNA was ami-
noacylated with [3H]serine (17 Ci/mmol) in the presence of an enzyme
extract from rooster liver and the [3H]seryl-tRNA was chromato-
graphed on an RPC-5 column. The resulting fractions were pooled as
designated by the hatched areas in the Inset and fractions I-V were
deacylated. Fraction VI was rechromatographed on an RPC-5 column
with a linear 0.575-0.70 M NaCl gradient as described (6, 7), and the
resulting fractions were pooled as shown by hatched areas on the main
graph and prepared for coding studies. The results of the coding studies
are presented in Table 2. The remainders of column fractions VI A-D
were then deacylated. Deacylated fractions were chromatographed in
1-butanol/acetic acid/water, 12:3:5 (vol/vol), for 30 hr and areas cor-
responding to serine (relative Rf = 1.0) and phosphoserine (relativeRf
= 0.46) were cut from the developed chromatograms and their radioac-
tivities were measured. Percent of total 3H cpm detected as phospho-
serine in fractions I-V is shown in the Inset above each peak and the
values for fractions VI A-D are shown in the main graph. Total cpm
detected on the chromatograms in each fraction were I, 48,984;
II, 400,356; m, 150,935; IV, 457,600; V, 133,621; VI A, 47,574; VI B,
52,532; VI C, 32,130; and VI D, 10,916. Whatman paper containing
the 3H-labeled material corresponding to phosphoserine was rinsed in
toluene to remove scintillation fluid and then dried, andthe 3H-labeled
material was eluted with water. This material was divided into two
equal portions, one of which was incubated with alkaline phosphatase.
Aliquots of both samples were rechromatographed in the same solvent.
3H migrated with authentic serine from the sample treated with al-
kaline phosphatase and with authentic phosphoserine from the un-
treated sample.
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Table 2. Binding of column fractions to ribosomes

cpm A260units of
Fraction Codon A cpm added tRNA added
VI A UCU 4,471 11,954 0.016

UGA 9 11,954 0.016
None (4,052) 11,954 0.016

VI B UCU 1,176 13,530 0.018
UGA 7,113 13,530 0.018
None (2,447) 13,530 0.018

VI C UCU 346 11,980 0.023
UGA 5,784 11,980 0.023
None (1,744) 11,980 0.023

VI D UCU 237 4,308 0.018
UGA 144 4,308 0.018
None (1,267) 4,308 0.018

Binding studies were carried out as described in ref. 15. See Table
1 for explanations.

origins, those that are put in at the post-translational level,
which probably make up the majority of protein modifications
and, in addition, some that are put in during the process of
protein synthesis itself by the direct incorporation of an "odd"
amino acid in response to a specific codon. A study of the role
ofphosphoseryl-tRNAs in protein synthesis may provide direct
support for this hypothesis.
The authors express their appreciation to Drs. Jack Keyes (U. S. De-

partment ofAgriculture) for his assistance in obtaining the bovine mam-
mary tissue, J. Dunn for the generous gift of B. -cereus enzyme, D.
Williams for supplying estrogen-treated and untreated rooster livers,
D. C. Hawthorne for supplying a UGA-suppressing strain ofyeast, and

A. C. Peacock and R. Sternglanz for careful review of the manuscript.
This work was supported in part by Grant GM-25254 from the National
Institutes of Health and Grant 7922751 from the National Science
Foundation to B. D.

1. Weiner, A. M. & Weber, K. (1971) Nature (London) New Biot
234, 206-209.

2. Weiner, A. M. & Weber, K. (1973) J. Mol Biol 80, 837-855.
3. Yates, J. L., Gette, W. R., Furth, M. E. & Nomura, M. (1977)

Proc. NatL Acad. Sci. USA 74, 689-693.
4. Bienz, M. & Kubli, E. (1981) Nature (London) 294, 188-190.
5. Geller, A. I. & Rich, A. (1980) Nature (London) 283, 41-46.
6. Diamond, A., Dudock, B. & Hatfield, D. (1981) Cell 25,

497-506.
7. Hatfield, D., Matthews, C. R. & Rice, M. (1979) Biochim. Bio-

phys. Acta 564, 414-423.
8. Maenpaa, P. H. & Bernfield, M. R. (1970) Proc. Natl Acad. Sci.

USA 67, 688-695.
9. Hatfield, D. (1972) Proc. NatL Acad. Sci. USA 69, 3014-3018.

10. Donis-Keller, H., Maxam, A. & Gilbert, W. (1977) Nucleic Acids
Res. 4, 2527-2538.

11. Sharp, S. J. & Stewart, T. S. (1977) Nucleic Acids Res. 4,
2123-2136.

12. Gupta, R. C. & Randerath, K. (1979) Nucleic Acids Res. 6,
3443-3458.

13. Silberklang, M., Gillum, A. M. & RajBhandary, U. L. (1979)
Methods Enzyrnol 59, 58-109.

14. Hawthorne, D. C. (1976) Biochimie 58, 179-182.
15. Nirenberg, M. & Leder, P. (1964) Science 145, 1399-1407.
16. Sakonju, S., Bogenhagen, D. F. & Brown, D. D. (1980) Cell 19,

13-25.
17. Bogenhagen, D. F., Sakonju, S. & Brown, D. D. (1980) Cell 19,

27-35.
18. Fowlkes, D. M. & Shenk, T. (1980) Cell 22, 405-413.
19. Galli, G., Hofstetter, H. & Birnstiel, M. L. (1981) Nature (Lon-

don) 294, 626-631.

Biochemistry: Hatfield et aL


