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ABSTRACT: Selenocysteine is cotranslationally introduced into a growing polypeptide in response to certain 
UGA codons in selenoprotein mRNAs. The biosynthesis of this amino acid initiates by aminoacylation 
of specific tRNAs (designated tRNAISerlScc) with serine and subsequent conversion of the serine moiety to 
selenocysteine. The resulting selenocysteyl-tRNA then donates selenocysteine to protein. In most higher 
vertebrate cells and tissues examined, multiple selenocysteine isoacceptors have been described. Two of 
these have been determined to differ by only a single modified residue in the wobble position of the anticodon, 
In addition, the steady-state levels and relative distributions of these isoacceptors have been shown to be 
influenced by the presence of selenium. In order to gain a better understanding of the relationship between 
these tRNAs and how they are regulated, both the Xenopus selenocysteine tRNA gene and an in vitro 
synthesized RNA have each been injected into Xenopus oocytes and their maturation analyzed. In this 
system, selenium enhanced RNA stability and altered the distribution of isoacceptors that differ by a single 
ribose methylation. Interestingly, the biosynthesis of one of these modified nucleosides (5-methylcar- 
boxymethyl-2’-O-methyluridine), which has been identified only in the wobble position of selenocysteine 
tRNA, also occurs in oocytes. Examination of the modified residues in both the naturally occurring Xenopus 
selenocyteine tRNA and the products generated from exogenous templates in oocytes demonstrated the 
faithful reconstruction of the biosynthetic pathway for these tRNAs. 

The UGA codeword can serve as a signal for either the 
termination of translation or the incorporation of selenocysteine 
into protein (Biick et al., 1991; Hatfield et al., 1992; Hatfield 
& Diamond, 1993). The biosynthesis of selenocysteine 
proceeds following aminoacylation of a unique tRNA with 
serine and subsequent conversion to selenocysteine (Bock et 
al., 1991; Hatfield et al., 1992). This tRNA, referred to as 
tRNA[Ser]SeC, then denoates selenocysteine to the elongating 
peptide in response to an appropriate UGA codon. Higher 
vertebrates, including Xenopus, contain multiple tRNA[Ser]SeC 
isoacceptors which are transcribed from a single-copy gene 
(Hatfieldetal., 1990; Leeetal., 1990). Ithasbeenestablished 
previously that the steady-state levels and relative distributions 
of mammalian selenocysteine tRNAs are influenced by the 
presence of selenium in the culture media (Hatfield et al., 
1991). Recently, these studies were expanded to show that 
the same phenomenon occurs in whole animals when tRNA 
levels in a variety of organs from selenium-deprived rats were 
compared to those of selenium-fed rats (Diamond et al., 1993). 
In this same study, two tRNA[Ser]SeC isoacceptors were 
characterized from rat liver and found to differ by 2’-0- 
methylation of the ribose of 5-methylcarboxymethyluridine 
(mcm5U) in the wobble position of the anticodon. The 
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methylated version of this modified residue, originally de- 
scribed as 2’4-methylcytidine on the basis of two-dimensional 
chromatography, has recently been identified as 5-methyl- 
carboxymethyl-2’-O-methyluridine (mcm Wm; i.e., the 2’-0- 
methylated derivative of mcm5U) by combined high- 
performance liquid chromatography/mass spectrometry 
(Diamond et al., 1993). The relative amount of the mcm5Um 
isoacceptor increases with selenium availability in these 
systems as does the total amount of the selenocysteine tRNA 
population (Hatfield et al., 1991; Diamond et al., 1993). The 
mechanism by which selenium exerts these effects on sele- 
nocysteine tRNAs has not been determined. 

Transcription of tRNAISerlsec is unique among tRNAs in 
that it begins at the first nucleotide within the gene (Lee et 
al., 1987). Expression is also governed by a number of 
regulatory elements which are typically associated with RNA 
polymerase 11 (Lee et al., 1989; Carbon & Krol, 1992; 
Myslinski et al., 1992) even though the tRNA[Ser]SeC gene is 
exclusively transcribed by RNA polymerase I11 (Lee et al., 
1989). The usefulness of Xenopus oocytes to define these 
unusual transcriptional features as well as the fact that oocytes 
synthesized modified nucleosides in tRNA (Melton et al., 
1980; Nishikura & DeRobertis, 198 1; Droogmanset al., 1986; 
Haumont et al., 1987; Droogmans & Grosjean, 1991) suggests 
that this system would be generally applicable to investigating 
the biochemistry and regulation of tRNAIserIsec. In this paper, 
we have introduced either the Xenopus selenocysteine 
tRNA[Ser]Sec gene or an in vitro synthesized precursor tRNA 
lacking nucleoside modification into Xenopus oocytes by 
microinjection and analyzed the intermediates in tRNA 
maturation. By comparing the results obtained using both 
sources of tRNA, it was determined that selenium affected 
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both tRNAISerlseC stability and methylation. In addition, the 
biosynthesis of each modified nucleoside identified in Xenopus 
liver selenocysteine tRNA in this study was found to occur 
in oocytes. 

EXPERIMENTAL PROCEDURES 

Biochemistry, Vol. 33, NO. 2, 1994 

Materials. Xenopus laevis females were purchased from 
Nasco (Fort Atkinson, WI), nuclease P1 was from Boehringer- 
Mannheim, phosphodiesterase I (Sigma type VII) and 
bacterial alkaline phosphatase (Sigma type 111-N) were from 
Sigma Chemical Co., and c~-~~P-labeled nucleoside triphos- 
phates (specific activity, approximately 3000 Ci/mmol) were 
from Amersham. Xenopus liver was the generous gift of Dr. 
Robert M. Benbow, Iowa State University, Ames, IA. The 
5 s  RNA maxigene construct was obtained from A. Wolffe, 
National Institutes of Health, Bethesda, MD. 

Isolation, Chromatography, and PuriJication of tRNA. 
Transfer RNA was extracted from frozen Xenopus liver (800 
g), bulk tRNA was isolated from a DE-52 column, 
was fractionated from bulk tRNA on a BD-cellulose column, 
and tRNA[Ser]SeC was further purified initially on a Sepharose 
4B column (Holmes et al., 1975) and finally on a reversed- 
phase chromatographic column (RPC-5) (Kelmers & Heath- 
erly, 1971) as described (Diamond et al., 1993). The only 
variation in this procedure from that used previously (Diamond 
et al., 1993) was the introduction of Sepharose 4B column 
chromatography. Preparation of transcription products and 
precursor and mature tRNAs from Xenopus oocytes, sepa- 
ration of precursor and mature tRNAs on polyacrylamide 
gels, and fractionation of isoacceptors on RPC-5 columns were 
carried out as described (Lee et al., 1987, 1989; Diamond et 
al., 1993). 

Directly-Combined High-Performance Liquid Chroma- 
tography/Mass Spectrometry (LCIMS) of tRNA Hydroly- 
sates. Chromatographically-purified tRNA was digested to 
nucleosides with 1 unit of nuclease P1, 1 milliunit of 
phosphodiesterase I, and 0.5 unit of bacterial alkaline 
phosphatase (Crain, 1990). The digest was fractionated by 
reversed-phase chromatography [0.25 M ammonium acetate 
(pH 6.0)/40% aqueous acetonitrile buffer] and analyzed by 
LC/MS. The instrument, procedures, and interpretation of 
LC/MS data have been described elsewhere (Pomerantz & 
McCloskey, 1990). 

Preparation of a tRNA[Ser]sec Expression Construct. A 
tRNA[Ser]SeC expression construct was prepared by PCR 
amplification of the bovine tRNA[Ser]sec gene (Diamond et 
al., 1990) with a 5’primer containinga PstI site, a T7 promoter, 
and complementarity to the 5’ end of the tRNA gene (5‘- 

GATGACCCTC-3’) and a second primer containing the 3’ 
end of the tRNA gene, a NsiI site, and an EcoRI site (5’-  
GCGAATTCATGCATGGCGCCCGAAAGGTGG-3’). The 
amplification product was cloned into the pCR 1000 cloning 
vector (InVitrogen Corp.), removed by digestion with PstI 
and EcoRI, and subcloned into the multiple cloning site of 
pSP65, and the tRNA gene sequence was then confirmed by 
sequencing. RNA was generated using T7 RNA polymerase 
(Promega Corp.) and [cY-~~PIGTP following NsiI digestion 
(assuring a CCA terminus). 

Modified Base Analysis. Samples representing each 
isolated peak were completely digested with nuclease P1, and 
the resulting nucleotide 5’-monophosphates were identified 
by two-dimensional chromatography on cellulose TLC plates 
(J.T. Baker Co.) using solvents A and C of Silberklang et al. 
(1979). The position of each radioactive spot on the auto- 

ATCTGCAGTAATACGACTCACTATAGCCCG- 

Choi et al. 

radiograms of the developed TLC plates was compared to the 
mobility of pN standards (Sigma Chemical Co.) and the known 
Rfof modified nucleotides (Silberklang et al., 1979; Diamond 
et al., 1993). 

Maintenance and Microinjection of Xenopus Oocytes. 
Preparation of Xenopus oocytes and microinjection of plas- 
mids, tRNA, and labeled nucleoside triphosphates into 
Xenopus oocytes were carried out as previously described 
(Zasloff, 1983; Lee et al., 1987, 1989). The Xenopus 
tRNAISerlseC gene and labeled RNA generated from the 
tRNAiSerISeC expression construct were microinjected into 
oocyte nuclei, and labeled tRNA isolated from oocytes was 
injected into oocyte cytoplasm. Oocytes were incubated for 
16 h following microinjection unless otherwise noted in the 
figures or figure legends. Sodium selenite ( 5  pM) was added 
to the oocyte incubation medium in experiments which 
contained supplemental selenium. 

RESULTS AND DISCUSSION 

Xenopus tRNALSerIsec. The experimental approach to 
reconstitute the biosynthetic pathway of in oocytes 
requires adequate information regarding the structure of the 
mature tRNA. The primary sequence of the Xenopus 
tRNAISerlSeC gene has been reported (Lee et al., 1990) and 
differs at only a single base (a pyrimidine transition at position 
1 1) from the analogous gene in humans (Hatfield et al., 1992), 
rabbits (Hatfield et al., 1992), and cows (Diamond et al., 
1990). Recently, the rat tRNA[Ser]SeC isoacceptors have been 
characterized and shown to contain only four modified 
nucleosides each (Diamond et al., 1993). These include 
1 -methyladenosine (“A) at position 58, pseudouridine (Q) 
at position 55, N6-isopentenyladenosine (PA) at position 37, 
and either mcmW or mcmSUm in the wobble position of the 
anticodon. Although selenocysteine tRNAcontains two extra 
nucleotides in the 5’ half of the molecule as compared to other 
tRNAs, we adopted the numbering system of Sprinzl et al. 
(1987) for identifying nucleoside positions in tRNA. In order 
to determine whether the same residues were present in the 
Xenopus tRNA, the modified nucleoside content of Xenopus 
tRNA[Ser]SeC was determined. Total tRNA was prepared from 
Xenopus liver, and the more hydrophobic tRNAISCrISeC 
isoacceptor was purified by column chromatography. A 
hydrolysate of this tRNA was prepared and analyzed by 
combined high-performance liquid chromatography-mass 
spectrometry (LC/MS). The chromatogram is presented in 
Figure 1. The retention times and thermospray mass spectra 
(not shown) of the resulting peaks identify the presence of the 
same modified residues as observed for the comparable rat 
isoacceptor (Diamond et al., 1993). 

Selenium Affects the Stability of tRNAISerISec. In order 
to gain a better understanding of how selenium influences the 
biosynthesisof tRNAIserlswisoacceptors, wesought to establish 
whether selenium would affect either the transcription or the 
stability of tRNAISerlseC in oocytes. A recombinant plasmid 
containing 800 bp of Xenopus DNA encoding the seleno- 
cysteine tRNA[Ser]SeC gene (Leeet al., 1990) was microinjected 
into Xenopus oocytes along with a 5 s  RNA maxigene and 
32P-labeled dGTP. The 5 s  RNA maxigene serves as a control 
to ensure that any changes in steady-state levels of tRNA[Ser]SeC 
are specific for that tRNA and not a general effect of the 
presence of selenium. The injected oocytes were then 
incubated either with or without supplemental selenium, and 
the resulting radiolabeled RNA was extracted and analyzed 
by polyacrylamide gel electrophoresis (Figure 2). As shown 
in the figure, more tRNA was present in oocytes incubated 
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FIGURE 1 : LC/MS analysis of a hydrolysate of purified Xenopus 
tRNA[*]*. Chromatogram from reversed-phase fractionation; UV 
detection at 254 nm. Inset: time vs intensity profile for m / z  185, 
the characteristic BH2+ ion (Diamond et a]., 1993; Pomerantz & 
McCloskey, 1990) from mcm5Um. 
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FIGURE 2: Effect of selenium on the levels of selenocysteine 
tRNArserlsaC isoacceptors. The Xenopus tRNAlserlsaC gene (Lee et 
al., 1990), a 5s maxigene, and [~u-~*P]GTP- or [cu-32P]GTP-labeled 
RNA generated from an expression vector and the 5s RNA maxigene 
were microinjected into oocytes, and after incubation, the RNA was 
extracted and electrophoresed on a polyacrylamide gel as given (Lee 
et al., 1987,1989). Lanes show the following: RNA extracted from 
oocytes which contained the 5s RNA maxigene and incubated without 
(lane 1) and with (lane 2) supplemental selenium, thexenopusgene, 
and the 5s RNA maxigene from oocytes incubated without (lane 3) 
and with (lane 4) additional selenium, and the in vitro generated 
RNA and the 5s RNA maxigene from oocytes incubated without 
(lane 5) and with (lane6) additional selenium. Xenopus tRNA[serlsaC 
migrates slightly faster on polyacrylamide gels than mammalian 
tRNAIserlsoC due to a pyrimidine transition at position 1 1 (Lee et al., 
1989). Bands were cut out and counted, yielding the following cpm: 
lane 1,5S RNA, 321 3; lane 2,5S RNA, 3 185; lane 3,SS RNA, 35 16, 
and tRNA[serlsec, 1887; lane 4, 5s RNA, 3242, and tRNAiserlsaC, 
2697; lane 5,5S RNA, 3265, and tRNAIserlsoC, 3233; and lane 6,5S 
RNA, 3 156, and tRNAISerlsaC, 5026. Percent of cpm in tRNAIserlsaC 
(i.e., the number of cpm in 5s RNA divided by those in tRNAIserlsaC) 
in each lane is as follows: lane 3,54%; lane 4,8376; lane 5,99%; lane 
6, 159%; these data demonstrate that 1.55X more tRNA[serlsaC was 
recovered in the presence of selenium from oocytes injected with the 
Xenopusgene, while 1.59X more was recovered from oocytes injected 
with RNA. 

with supplemental selenium (lane 4) than in oocytes without 
additional selenium (lane 3). No tRNA was generated in the 
absence of the exogenous tRNA construct (lanes 1 and 2). 
The effect of additional selenium on the steady-state levels of 
tRNA[Ser]SeC was not a general effect on Pol I11 transcription 
as levels of control 5s RNA were similar under both 
experimental conditions. Because this approach cannot, by 
itself, distinguish between a selenium effect on transcription 
rate or RNA stability, we generated a tRNA expression 
construct which could be used to produce an authentic labeled 
tRNAiSerlSeC precursor in vitro. This precursor can be 
aminoacylated with serine with a similar efficiency as in vivo 
produced tRNA (data not shown). This RNA, along with 
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FIGURE 3: Effect of selenium on the distribution of 
isoacceptors. RPC-5 chromatographic profiles of RNA extracted 
from oocytes which had been incubated with and without additional 
selenium following microinjection of RNA generated from a 
tRNAIserlsoC expression vector are shown. S e  designates that this 
study was carried out in the absence of added (or supplemental) 
selenium. 

the 5s maxigene control, was injected into oocytes which were 
incubated with and without supplemental selenium. The 
recovery of the labeled RNA from oocytes is shown in Figure 
2, lanes 6 and 5 .  More tRNA was recovered from oocytes 
incubated with additional selenium, demonstrating that 
selenium influences the stability of tRNA[Ser]SeC in oocytes. 
Approximately 1.5 times more tRNAISerlsec was recovered 
from oocytes injected with the Xenopus gene and with in vitro 
synthesized precursor tRNA when the oocytes were incubated 
in the presence of additional selenium, suggesting that it exerts 
its effect on RNA stability. Interestingly, the levels of 
enhancement of the selenocysteine tRNA population by 
selenium in Xenopus oocytes are similar to those observed in 
mammalian cells in culture (Hatfield et al., 1991) and in 
various rat tissues (Diamond et al., 1993). 

Selenium Affects the Maturation of tRNAISerlSeC Isoac- 
ceptors. To evaluate whether selenium influences the dis- 
tribution of the tRNA[ser]sec isoacceptors in the oocytesystem, 
tRNA generated by in vivo transcription of the exogenous 

gene was extracted from oocytes and chromato- 
graphed on a RPC-5 column. Figure 3 shows that the tRNA 
generated in oocytes from the exogenous gene chromatographs 
as three peaks, designated 1-111. The differences in peaks 
1-111 are due to specific nucleoside modifications, where peaks 
I1 and I11 represent mature tRNAs observed in other systems 
(Hatfield et al., 1991; Diamond et al., 1993) and peak I is an 
undermodified precursor (see below). An examination of the 
distribution of peaks 1-111 with and without supplemental 
selenium indicates that more peak I1 is converted to peak I11 
when the oocytes are incubated with additional selenium. Thus, 
selenium also influences the distribution of the selenocysteine 
isoacceptors in oocytes as observed previously in mammalian 
cells in tissue culture (Hatfield et al., 1991) and in certain rat 
organs (Diamond et al., 1993). 

The precursor/product relationships of peaks 1-111 are 
illustrated in Figure 4. The in vitro generated tRNA was 
microinjected, the oocytes were incubated, and the resulting 
tRNA was extracted and chromatographed. After overnight 
incubation, approximately one-third of the RNA was converted 
to peak I1 (see the two leftmost panels). Isolation and 
reinjection of peak I1 resulted in its conversion to peak I11 
(central panel), and more of peak I1 was converted to peak 
I11 in 16 h than in 8 h (upper right three panels). Reinjection 
of peak I11 did not result in any other interconversions. Clearly, 
peak I (or at least some portion of peak I; see below) is converted 
to peak I1 which in turn is converted to peak 111. Although 
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FIGURE 4: Biosynthesis of selenocysteine tRNAISeflS”e isoacceptors. The radiolabeled RNA was microinjected into oocytes, extracted at the 
indicated time intervals, and chromatographed on a RPC-5 column. Peak I1 generated in oocytes for subsequent microinjection (left-hand 
panel) was isolated from oocytes that were incubated without supplemental selenium. All other profiles were obtained from tRNA isolated 
from oocytes incubated in the presence of supplemental selenium. 
it is not clear whether peak I (or some portion of peak I) is 
converted directly to peak 111, the initial 16-h incubation of 
peak I in oocytes resulted in its conversion only to peak I1 in 
the experiment shown in the leftmost panel of Figure 4. This 
observation suggests that peak I is not converted directly to 
peak 111, but must proceed through the peak I1 intermediate. 

Biosynthesis of Modified Nucleosides. In order to deter- 
mine the structural changes that cause the alterations in the 
elution properties of peaks 1-111, precursor tRNA[SeT]SQ was 
synthesized in uitro with either [cY-~~PIATP, [cY-~~PIGTP,  
[cY-~~PICTP,  or [ cY-~~PIUTP and injected into oocytes. The 
tRNAs processed in oocytes from each labeling were isolated 
from column fractions. The tRNA from each peak was then 
digested with nuclease P1, and the modified nucleotides were 
identified by two-dimensional TLC. Every modified nucle- 
oside identified in the rat tRNAs (Diamond et al., 1993), as 
well as in the endogenous Xenopus tRNA characterized in 
this study (Figure l), was observed as shown in Figure 5 .  All 
three peaks contained m‘A (panel 5A) and Q (panel 5U). 
Only peaks I1 and I11 contain i6A (panel 5A). Peak I contained 
approximately equal amounts of mcmSU and mcmSUm while 
peak I1 contained predominantly mcm5U and peak I11 
contained predominantly mcmSUm (panel 5U). No modified 
nucleotides were detected with [ cY-~~PICTP or [cY-~~PIGTP.  
We therefore conclude that the greater hydrophobicity of peaks 
I1 and I11 (i.e., requiring higher NaCl concentrations for 
elution) is a consequence of the addition of i6A. It is further 
concluded that isopentenylation is not required for the synthesis 
of either mcm5U or mcm5Um as evidenced by the fact that 
peak I was composed of tRNAs containing either mcmW or 
mcmWm but not i6A. Clearly, that portion of peak I which 
contains mcmSU is converted to peak 11, whereas that portion 
of peak I which contains mcm5Um is apparently not converted 
to peak I11 (see above). Thus, it may be further concluded 
that isopentenylation may proceed only if the wobble nucleotide 
is mcmW and that ribose methylation to generate a fully 
modified tRNA[Ser]SeC (peak 111) follows isopentenylation. The 
occurrence of mcm5Um in peak I does not appear to arise 
from the removal of i6A from peak I11 as evidenced from the 
observation that overnight incubation of peak I11 in oocytes 
does not result in further interconversions (see aboveand lower 

right panel of Figure 4). Most certainly, m’A, Q, i6A, and 
mcm5Um occur in the same nucleoside positions (i.e., 58,55, 
37, and the wobble nucleoside, respectively) in Xenopus 
tRNAISerlSeC as has been determined for the corresponding 
rat liver isoacceptor (Diamond et al., 1993). 

Melton et al. (1980) have shown that processing of tRNA 
at the 5‘and 3’ ends and syntheses of the CCA terminus, mlA, 
and Q occur in the nucleus of Xenopus oocytes. Nishikura 
and de Robertis (198 1) have demonstrated that isopenteny- 
lation of tRNA occurs in the cytoplasm. We have previously 
shown that processing, which occurs only at the 3/ end of 
tRNAISerlSeC, and 3/-terminal CCA addition take place in 
Xenopus oocyte nuclei (Lee et al., 1987). The syntheses of 
m’A and Q in tRNAISerlSQ are therefore likely to occur in the 
nucleus and isopentenylation in the cytoplasm in a manner 
similar to the studies of Melton et al. (1980) and Nishikura 
and de Robertis (1981) using tRNATYr. Since methylation 
of the 2/-Gribose of mcmW may also occur after isopente- 
nylation, the methylation event is most likely to take place in 
the cytoplasm. The synthesis of mcmSU is also likely to occur 
in the nucleus since it is the site of synthesis of most minor 
bases in Xenopus oocytes (Melton et al., 1980; Nishikura, 
1981). 

The faithful reconstitution of selenocysteine tRNA bio- 
synthesis in Xenopus oocytes has permitted elucidation of 
some of the control mechanisms involved. By comparing 
tRNA levels generated from an expression construct (rep- 
resenting both expression and stability) to those observed 
following microinjection of in uitro synthesized precursor 
tRNA (a function of stability), it appears that selenium exerts 
an effect, at least in part, at the posttranscriptional level. 
Selenium also influenced methylation of the ribose portion of 
the mcm5U residue at the wobble position of the anticodon 
as previously observed in tissue culture cells (Hatfield et al., 
1991) and a number of rat organs (Diamond et al., 1993). 
Each of the above observations argues that the oocyte system 
will be useful in investigating how the biosynthesis of these 
tRNAs is regulated and how the cell ensures the appropriate 
insertion of selenocysteine into protein. 
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FIGURE 5:  Identification of modified nucleotides in selenocysteine 

generated in Xenopusoocytes. RNA was prepared from 
theexpression construct labeled individuallywith [CY-~~PIATP, [CY-’~P]- 
GTP, [C~-~~P]UTP, or [a-32P]CTP, microinjected into oocytes, 
extracted, and chromatographed. Peak I (labeled with each individual 
32P-nucleotide) was isolated from an RPC-5 column and reinjected 
to yield substantial amounts of peaks I1 and 111 (see Figure 4). All 
peaks (1-111) were individually chromatographed a second time on 
the RPC-5 column in the absence of MgZ+ to further purify each 
isoacceptor prior to base analysis. The figure shows the autorad- 
iograms of nucleotides generated from analysis of samples representing 
peaks 1-111 labeled with [CX-’~P]ATP (panel A) and [a-32P]UTP 
(panel U). No modified nucleotides were detected in experiments 
where the tRNA was labeled with either [CU-~~P]GTP or [ C ~ - ~ ~ P ] -  
CTP, and these data are therefore not shown. The detection of some 
radioactivity migrating as pNs other than that used in the particular 
labeling reaction was present in submolar quantities and is therefore 
considered an artifactual consequence of the labeling protocol. 
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