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There are two isoforms of selenocysteine (Sec) tRNA[Ser]Sec that differ by a single methyl group, Um34. The
non-Um34 isoform supports the synthesis of a subclass of selenoproteins, designated housekeeping,
while the Um34 isoform supports the expression of another subclass, designated stress-related seleno-
proteins. Herein, we investigated the relationship between tRNA[Ser]Sec aminoacylation and Um34 synthe-
sis which is the last step in the maturation of this tRNA. Mutation of the discriminator base at position 73
in tRNA[Ser]Sec dramatically reduced aminoacylation with serine, as did an inhibitor of seryl-tRNA synthe-
tase, SB-217452. Although both the mutation and the inhibitor prevented Um34 synthesis, neither pre-
cluded the synthesis of any other of the known base modifications on tRNA[Ser]Sec following
microinjection and incubation of the mutant tRNA[Ser]Sec transcript, or the wild type transcript along with
inhibitor, in Xenopus oocytes. The data demonstrate that Sec tRNA[Ser]Sec must be aminoacylated for Um34
addition. The fact that selenium is required for Um34 methylation suggests that Sec must be attached to
its tRNA for Um34 methylation. This would explain why selenium is essential for the function of Um34
methylase and provides further insights into the hierarchy of selenoprotein expression.

Published by Elsevier Inc.
1. Introduction

The biosynthesis of selenocysteine (Sec) was recently estab-
lished in eukaryotes and archaea, and unlike any other known ami-
no acid in eukaryotes, Sec synthesis occurs on its tRNA (reviewed
in [1]). Sec tRNA, designated tRNA[Ser]Sec, is initially aminoacylated
with serine in the presence of seryl-tRNA synthetase (SerRS) that is
in turn phosphorylated on the seryl moiety to form phosphoseryl-
tRNA[Ser]Sec by phosphoseryl-tRNA[Ser]Sec kinase (PSTK) [2]. Phos-
phoseryl-tRNA[Ser]Sec serves as a substrate for Sec synthase (SecS),
wherein the active selenium donor, monoselenophosphate, that
is synthesized by selenophosphate synthetase 2 (SPS2) in eukary-
otes, replaces the phosphate group in phosphoserine to yield sele-
nocysteyl-tRNA[Ser]Sec [1].

There are two isoforms of tRNA[Ser]Sec that differ from each other
by a single methyl group, Um34, and are designated 5-methoxycar
bonylmethyluridine (mcm5U) and 5-methoxycarbonylmethyl-20-
O-methyluridine (mcm5Um) [3]. Addition of Um34 is a highly spe-
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cialized step in the maturation of tRNA[Ser]Sec in that this methyla-
tion step is stringently dependent on an intact primary and
tertiary structure [4] and requires selenium [5]. When mammalian
cells or tissues are deficient in selenium, the level of the mcm5U iso-
form is enriched and the mcm5Um isoform is reduced, while cells
and tissues sufficient in selenium have the ratios of these two iso-
forms reversed [5,6]. Interestingly, the expression of stress-related
selenoproteins, such as glutathione peroxidase 1 (GPx1), is depen-
dent on the presence of selenium and their abundance correlates
with the presence of mcm5Um [6,7]. On the other hand, the expres-
sion of housekeeping selenoproteins, such as the thioredoxin reduc-
tase 1 and 3 (TR1 and TR3), is less dependent on selenium status and
their expression occurs in the presence of mcm5U [7–9]. As ex-
pected, mice and organs lacking the mcm5Um isoform synthesize
only housekeeping selenoproteins [9,10]. In addition to the mcm5U
modification at position 34, there are only three other modified
bases in tRNA[Ser]Sec which are N6-isopentenyladenosine (i6A) at po-
sition 37, pseudouridine (wU) at position 55 and 1-methyladenosine
(m1A) at position 58 [3].

The purpose of the present study was to determine the relation-
ship between synthesis of Um34 and aminoacylation of tRNA[Ser]Sec.
To elucidate the aminoacylation status of tRNA[Ser]Sec prior to Um34
methylation, we introduced a mutation at position 73, the
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discriminator base, in the synthetic gene of tRNA[Ser]Sec. This dis-
criminator base is essential in the recognition of tRNA by its corre-
sponding aminoacyl-tRNA synthetase [11] and is, in fact, critical in
the aminoacylation of tRNA[Ser]Sec with serine by SerRS [12,13]. The
G73 ? A73 mutant tRNA[Ser]Sec transcript was microinjected into
Xenopus oocytes, then isolated after overnight incubation and the
base modification status of the resulting products analyzed. The
data show that the mcm5Um isoform must be aminoacylated prior
to Um34 synthesis. To confirm this observation, a potent inhibitor
of SerRS, SB-217452 [14], was co-microinjected with the wild type
tRNA[Ser]Sec transcript into oocytes. The mcm5U isoform was syn-
thesized without SerRS activity but not the mcm5Um isoform, pro-
viding further evidence that an aminoacylated tRNA½Ser�Sec

mcm5U is the
substrate for Um34 methylase.
2. Materials and methods

2.1. Materials

[a-32P]ATP and [a-32P]UTP (specific activity, 3000 Ci/mmol) and
[3H] serine (specific activity, 29.5 Ci/mmol) were purchased from
Perkin Elmer. All other commercial products were purchased and
used as given below.
2.2. Preparation of tRNA[Ser]Sec mutant and tRNA[Ser]Sec and tRNASer

wild type transcripts

The wild type tRNA[Ser]Sec and tRNASer vectors were prepared as
described [2]. The templates for producing mutant tRNA[Ser]Sec

transcripts were generated by PCR using forward primer T7 (50-
TAATACGACTCACTATAGGG-30) and reverse primers containing
the desired mutation(s) at the 30-end of tRNA[Ser]Sec. For in vitro
aminoacylation studies, transcription of tRNA[Ser]Sec was performed
using the T7 RiboMAX Express Large Scale RNA Production System
as described [2]. 32P-Labeled transcripts were generated using 1 lg
of template, 50 lCi of [a-32P]ATP or [a-32P]UTP, 100 units of T7
RNA polymerase (Stratagene), 40 units of RNase inhibitor (Prome-
ga), the other components and this mixture incubated, subse-
quently treated with Dnase I (Alboin), the resulting transcripts
isolated and stored until used exactly as described [2,4].
2.3. Isolation of the naturally-occurring tRNA[Ser]Sec and serine (Ser)
tRNA1

Ser isoforms and tRNA aminoacylation

The naturally-occurring tRNA½Ser�Sec
mcm5U [3] and Ser tRNA1 isoforms

[15] were isolated from bovine liver and purified as described in
these studies. Aminoacylation of these isoforms and the corre-
sponding tRNA[Ser]Sec and tRNASer transcripts were aminoacylated
with [3H]-serine in the presence of rabbit reticulocyte synthetases
as described [16].
2.4. Xenopus oocyte microinjections and RPC-5 chromatography

Preparation of Xenopus oocytes and microinjection of tRNA[Ser]Sec

transcripts into oocytes were performed as described [17,18]. After
overnight incubation, tRNAs were extracted and chromatographed
on a RPC-5 column [19] as described [4,7,20].
Fig. 1. Aminoacylation of wild type and mutant tRNA[Ser]Sec isoforms with serine.
Two micrograms of wild type and mutant (UCCA, CCCA or ACCA) tRNA[Ser]Sec

transcripts were aminoacylated with 3H-serine in the presence of SerRS as
described in Section 2. Results shown are counts per minute (CPM) of 3H-serine.
2.5. Minor base analysis

tRNAs (approximately 1 � 105 cpm) within pooled samples of
each peak from the RPC-5 column were digested with nuclease
P1 in 50 mM ammonium acetate (pH 5.3). Half of the digests were
subjected to two-dimensional chromatography on cellulose TLC
plates using solvents A and C ([21] and see also [4,18]), and the
radioactivity was detected by autoradiography.

3. Results

3.1. Aminoacylation status of wild type and mutant tRNA[Ser]Sec

Three mutant tRNA[Ser]Sec isoforms were prepared as described
in Materials and Methods to investigate the aminoacylation status
of the mcm5U isoform prior to Um34 synthesis. All mutations were
made at position 73, the discriminator base and were UCCA, CCCA
and ACCA (mutations are shown in bold).

The ability of the UCCA, CCCA and ACCA mutant isoforms to be
aminoacylated by SerRS was compared to wild type tRNA[Ser]Sec,
GCCA, is shown in Fig. 1. The mutant isoforms were poorly
aminoacylated.

3.2. Microinjection of mutant and wild type tRNA[Ser]Sec isoforms into
Xenopus oocytes and identification of base modifications

Transcripts of wild type and each mutant tRNA were prepared
with either [a-32P]UTP or [a-32P]ATP, microinjected individually
into Xenopus oocytes, isolated after overnight incubation and chro-
matographed on a RPC-5 column. The reason for the use of only
[a-32P]UTP and [a-32P]ATP as labels is that the base modifications
only occur on U or A nucleosides. The elution profiles of the wild
type, GCCA, and discriminator base mutant, ACCA, isoforms labeled
with [a-32P]ATP are shown in Fig. 2A. GCCA and ACCA had similar
elution profiles that eluted primarily as two peaks, a smaller, front-
running peak and a larger, late-running peak, designated as Peaks I
and II, respectively. The corresponding [a-32P]UTP-labeled iso-
forms had similar elution profiles from the RPC-5 column as the
[a-32P]ATP-labeled isoforms (compare Supplementary Fig. 1 to
Fig. 2A).

The fractions within each peak were pooled as shown in Figs. 2A
and Supplementary Fig. 1, tRNA within each peak precipitated, col-
lected, digested with nuclease and the resulting 32P-labeled nucle-
otides separated by 2-D chromatography as given in Materials and
Methods. The 32P-labeled U and A modified bases and 32P-labeled
Um34 nucleotide from GCCA and ACCA isoforms are shown in
Fig. 2B. As expected, the greater hydrophobicity of Peak II was
due to the highly modified base at position 37, i6A [3], that was
found in this peak of the [a-32P]ATP-labeled isoforms. m1A was
found in Peaks I and II in each of the isoforms examined. wU and
mcm5U were also found in each of the [a-32P]UTP-labeled iso-
forms, while mcm5Um was observed in the wild type, GCCA, iso-
form but not in the mutant, ACCA, isoform.



Fig. 2. Elution profiles of 32P-labeled wild type and mutant tRNA[Ser]Sec isoforms and modified base and nucleoside analyses. In (A), [a-32P]UTP- or [a-32P]ATP-labeled wild
type (GCCA [WT]) and the discriminator base (ACCA) tRNA[Ser]Sec transcripts, were prepared, microinjected into Xenopus oocytes, incubated overnight, extracted and
chromatographed on a RPC-5 column as described in Section 2. The graphs show the elution profiles of [a-32P]ATP labeled tRNAs (and the [a-32P]UTP elution profiles are
shown in Supplementary Fig. 1). X and Y axis represent fraction number and CPM, respectively. Peaks I and II were pooled as shown by the hatched areas in the figures,
collected, digested with nuclease, and in (B), the digests of the two peaks of [a-32P]UTP- or [a-32P]ATP-labeled were resolved by two-dimensional TLC as described in Section
2 and the modified bases and Um34 detected in the digests by autoradiography as described (see text and [4]). The films were exposed for 12–16 h.
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The other two 32P-labeled discriminator base mutant tRNA[Ser]Sec

isoforms, UCCA and CCCA, were microinjected into Xenopus oocytes,
incubated overnight, isolated and chromatographed over the RPC-5
column (Supplementary Fig. 2A). The resulting two major peaks
were then isolated and analyzed for their minor base and Um34
compositions (Supplementary Fig. 2B) as described above for the
other tRNA[Ser]Sec isoforms. Both these discriminator base mutant
isoforms yielded virtually identical chromatographic and base anal-
ysis results as observed above for the ACCA isoform (compare Sup-
plementary Fig. 1A,B to Fig. 3A,B, respectively, and see Table 1).
3.3. Inhibition of SerRS in vitro and in Xenopus oocytes

We examined the effect of the reported inhibitor of SerRS in
yeast, SB-217452 [14], on the aminoacylation of Ser tRNA using to-
tal calf liver tRNA and mammalian SerRS at varying concentrations
of inhibitor (Fig. 3A). Since the maximal level of SerRS inhibition
occurred at 20 lM SB-217452 with total calf liver tRNA, the inhibi-
tion of SerRS using the naturally-occurring isoforms, tRNA½Ser�Sec

mcm5U
and tRNA1
Ser, and on the wild type tRNA[Ser]Sec and tRNASer tran-

scripts, was then analyzed (Fig. 3B). The levels of aminoacylation
of each of these isoforms were dramatically reduced demonstrat-
ing that this inhibitor effectively inhibited mammalian SerRS.

The wild type tRNA[Ser]Sec transcript, labeled with [a-32P]ATP or
[a-32P]UTP was microinjected into Xenopus oocytes with or with-
out SB-217452, incubated overnight, isolated, chromatographed
on the RPC-5 column and the resulting peaks isolated (Fig. 4A
and Supplementary Fig. 3, respectively) and minor base and
Um34 analyses determined (Fig. 4B). As shown in the figure, all
modifications occurred in tRNA[Ser]Sec that was not exposed to
the inhibitor but the Um34 modification was more than 90% re-
duced in the presence of the inhibitor (see Table 1). These data
are further considered in the Discussion.
4. Discussion

An important question regarding the function and regulation of
tRNA[Ser]Sec is whether this tRNA is aminoacylated prior to its



Table 1
Relative amounts of modified nucleotides in wild type tRNA[Ser]Sec and mutants and
the SB-217452 treated tRNA[Ser]Sec.a

U-labeled A-labeled

pmcm5Ub pmcm5Umb pwc pm1Ad pi6Ae

GCCA[WT] I ± + + + �
GCCA[WT] II ++ ± + ± +
ACCA I ++ � + + �
ACCA II ++ � + ± +
CCCA I ++ � + + �
CCCA II ++ � + ± +
UCCA I ++ � + + �
UCCA II ++ � + ± +

GCCA[WT] I ± + + + �
GCCA[WT] II ++ ± + + +
GCCA[WT]+SB-

217452
I ++ � + + �

GCCA[WT]+SB-
217452

II ++ � + + +

a The amount of each modified nucleotide was calculated using a PhosphorIm-
ager and is relative to the amount of pU or pA.

b ++: 15–25%; +: 5–15%; ±: 1–5%; �: <1% of pU.
c +: 15–25% of pU.
d +: 10–20%; ±: 1–10% of pA.
e +: 35–55%; �: <1% of pA.

Fig. 3. In vitro inhibition of SerRS. In (A), total calf liver tRNA (3 lg) was
aminoacylated with 3H-serine as described in Section 2 with various concentrations
of SB-217452. In (B), naturally-occurring, purified tRNA[Ser]Sec, purified calf liver
tRNASer and tRNA[Ser]Sec, and tRNASer transcripts (0.075 A260 unit) were aminoa-
cylated with 3H-serine in the presence or absence of 20 lM SB-217452. Results
shown are counts per minute (CPM) of 3H-serine.
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methylation on the ribosyl moiety at position 34 or does the meth-
ylation occur independently of aminoacylation. If the Um34 meth-
ylase requires Sec-tRNA[Ser]Sec as a substrate, this would provide
further insight into why selenium is required for Um34 synthesis
[3,5,6], and in turn, for the requirement of the element for stress-
related selenoprotein expression (e.g., GPx1) [2,7–9]. We used
two different approaches to elucidate the aminoacylation status
of tRNA[Ser]Sec. A G73 ? A73 mutation was prepared wherein the
discriminator base of tRNA[Ser]Sec was changed resulting in poor
aminoacylation. Interestingly, all the known base modifications,
mcm5U, i6A, wU and m1A at positions 34, 37, 55 and 58, respec-
tively, occurred in tRNA[Ser]Sec following microinjection and incu-
bation of the mutant transcript into Xenopus oocytes. However,
the nucleoside Um34 modification did not occur. The other two
discriminator base mutants, UCCA and CCCA, also yielded the same
results.

We also used a reported inhibitor of SerRS, SB-217452, which is
an enzymatically processed product of albomycin d2 [14]. We
examined the ability of this compound to inhibit the aminoacyla-
tion of the wild type tRNA[Ser]Sec and tRNASer transcripts and the
naturally-occurring tRNA½Ser�Sec

mcm5U and tRNA1
Ser isoforms in vitro. The

data showed that SB-217452 was a relatively potent inhibitor of
mammalian SerRS in vitro and likely in Xenopus oocytes since all
base modifications in tRNA[Ser]Sec occurred in oocytes with the
exception of the Um34 modification that supported our findings
with the discriminator base mutations.

The above studies demonstrate that tRNA[Ser]Sec is aminoacylat-
ed for Um34 synthesis to occur. However, these studies in them-
selves do not demonstrate whether any one specific amino acid
or all of the known amino acid attachments to tRNA[Ser]Sec, serine,
phosphoserine, Sec and Cys [22], could serve as substrates for the
Um34 methylase. The following observations suggest that Sec-
tRNA[Ser]Sec, and only Sec attached to tRNA[Ser]Sec, serves as a sub-
strate for the Um34 methylase: (1) the Um34 methylation step re-
quires selenium [3,5–7] suggesting that the methylase either
requires this element as a cofactor or it requires selenium in the
form of Sec as its substrate. Since eukaryotes are not known to uti-
lize selenium as a cofactor (whereas its use as Sec explains biolog-
ical functions of dietary selenium), the more likely possibility is
that the Um34 methylase requires Sec as its substrate; (2) the syn-
thesis of GPx1 is dependent on the mcm5Um isoform [8,9], and
interestingly, thiophosphate can replace selenophosphate in the
Sec biosynthetic pathway yielding Cys-tRNA[Ser]Sec and the result-
ing Cys is inserted into TR1 and TR3 but apparently not into
GPx1 ([22] and see also [3]) the Sec tRNA transcript serves as a sub-
strate for seryl-tRNA synthetase, phosphoseryl-tRNA[Ser]Sec kinase,
Sec synthase and selenophosphate synthetase [1,23], but the
Um34 methylase has a requirement for the fully modified
tRNA[Ser]Sec [4] that must be aminoacylated (this study); although
this observation in itself does not demonstrate that Sec must be at-
tached to its tRNA, in light of the above considerations, the most
logical conclusion is that indeed Sec must be attached for Um34
methylation to occur.

In the event Sec-tRNA[Ser]Sec is the only substrate for the Um34
methylase, this final step in the maturation of Sec-tRNA[Ser]Sec

would provide an important autoregulatory step in the synthesis



Fig. 4. Elution profiles and modified base analysis of wild type tRNA[Ser]Sec isoforms following inhibition of SerRS. In (A), [a-32P]UTP- or [a-32P]ATP-labeled wild type (GCCA
[WT]) tRNA[Ser]Sec transcript was microinjected into Xenopus oocytes with or without 20 lM SB-217452, incubated overnight, extracted, and chromatographed on a RPC-5
column as described in Section 2. The graphs show the elution profiles of [a-32P]ATP labeled tRNAs. X and Y axis represent fraction number and CPM, respectively. Peaks I and
II were pooled as shown by the hatched areas in the figures, collected, digested with nuclease, and in (B), the digests resolved by two-dimensional TLC as described in Section
2 and the modified bases and Um34 detected by autoradiography (see text and [4]). The films were exposed for 12–16 h.
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of the stress-related selenoprotein subclass and may account, at
least in part, for the hierarchy of selenoprotein expression. It has
been known for many years that the expression of some selenopro-
teins in mammalian cells and tissues, such as TR1 (designated as
housekeeping selenoproteins), is fairly insensitive to selenium sta-
tus while others, such as GPx1 (designated as stress-related seleno-
proteins), are highly sensitive and are poorly expressed under
conditions of selenium deficiency, which is a phenomenon known
as selenoprotein hierarchy [24,25]. Stress-related selenoproteins
are not essential to the animal’s survival and are synthesized by
the Um34 containing isoform [8,9]. However, housekeeping
selenoproteins are essential to the animal’s survival and are syn-
thesized by the precursor, non-Um34 isoform. Whether house-
keeping selenoproteins can also be synthesized by the mcm5Um
isoform has not be resolved.

Interestingly, mice maintained on a selenium deficient diet con-
tain about a 1:1 ratio of Sec/Cys in liver TR1 and about a 9:1 ratio in
mice fed a selenium adequate diet [22]. Although further studies
are required to show unequivocally that Cys cannot be inserted
into GPx1 by this de novo synthetic pathway for synthesizing
Cys, the available data suggest that this is the case as noted above.
Clearly, additional work has to be done to fully elucidate how sele-
nium status regulates the two selenoprotein subclasses and hierar-
chy of selenoprotein expression, but the observation that the
tRNA[Ser]Sec isoform likely has Sec attached provides an important
step in the complete understanding of these processes.
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