Chapter 1

Selenocysteine tRNASe15¢; From Nonsense
Suppressor tRNA to the Quintessential
Constituent in Selenoprotein Biosynthesis

Bradley A. Carlson, Byeong Jae Lee, Petra A. Tsuji, Ryuta Tobe,
Jin Mo Park, Ulrich Schweizer, Vadim N. Gladyshev, and Dolph L. Hatfield

Abstract When selenocysteine (Sec) tRNABISe« wag originally discovered, it was
proposed to be the first nonsense suppressor tRNA found in mammalian and avian
tissues, since it exclusively decoded the nonsense codon, UGA, which normally
dictates the cessation of protein synthesis. This tRNA was subsequently shown to be
Sec tRNA, which inserted Sec into protein as the 21st proteinogenic amino acid.
Once it was established that this tRNA was aminoacylated with serine by seryl-
tRNA synthetase and served as the scaffold for Sec synthesis, Sec tRNA was appro-
priately named Sec tRNAP15, The mammalian Sec-tRNAB15« population consists
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of two isoforms that differ from each other by a single 2’-O-methyl moiety on the
uridine at position 34, designated Um34. The non-Um34 isoform is involved in the
synthesis of a subclass of selenoproteins, called housekeeping selenoproteins, while
the Um34 isoform supports synthesis of stress-related selenoproteins. These novel
functions and other unique features of Sec tRNA are the subjects of this chapter,
supporting the idea that this tRNA is the quintessential constituent in selenoprotein
biosynthesis.

Keywords Housekeeping selenoproteins ® Selenocysteine ® Selenocysteine tRNA o
Selenoprotein biosynthesis ® Selenoproteins ¢ Stress-related selenoproteins ¢ UGA
codon

1.1 Introduction

Selenocysteine (Sec) tRNA was discovered in 1970 when a seryl-tRNA was found
to form phosphoseryl-tRNA [1] and decode exclusively the UGA codon [2] in
mammalian and avian livers. Subsequently, phosphoseryl-tRNA and the UGA-
decoding seryl-tRNA were found to be the same tRNA [3]. However, since the
UGA-decoding seryl-tRNA suppressed the UGA termination codon in rabbit
[-globin mRNA [3], its earlier proposal as a nonsense suppressor tRNA was retained
until the biosynthesis of Sec was shown to occur on this tRNA in prokaryotes and
eukaryotes identifying it as Sec-tRNASe1S« [4 5], From its discovery in 1970 until
the finding that it is an indispensable component in selenoprotein biosynthesis,
many unusual features of this tRNA were reported. Two essential cellular functions
of Sec tRNA are to synthesize Sec, the 21st amino acid in the genetic code, using
tRNAISerISee a5 the scaffold upon which the synthesis occurs (discussed in Chap. 4)
and donate Sec to protein in response to UGA Sec codons in selenoprotein mRNAs
(discussed in Chaps. 2 and 5). Since the synthesis of selenoproteins is dependent on
Sec tRNABer1S« manipulation of the expression of Sec tRNA has been used to mod-
ulate selenoprotein expression in assessing the role of selenoproteins in health and
development (discussed in Chap. 46).

1.2 Primary and Secondary Structures of Sec tRNA

Since its discovery as a seryl-tRNA[1, 2], Sec tRNA was shown to occur in very small
amounts compared to the corresponding total seryl-tRNA population in all tissues
and cells where it was detected (reviewed in [6]). This tRNA existed in two isoforms
[7], which differed by a single 2'-O-methylribosyl at position 34, designated Um34.
The highly modified base at position 34 is 5-methoxycarbonylmethyluridine
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(mem®U), while the nucleoside at this position is 5-methoxycarbonylmethyl-2'-O-
methyluridine (mem®Um). Interestingly, the mammalian isoforms are 90 nucleotides
long making them the longest tRNAs sequenced in higher vertebrates. Another unique
feature about these tRNAs is that they have relatively few modified bases, and thus,
are highly undermodified compared to all other known tRNAs that normally contain
15-17 amended bases.

The secondary structures of the two isoforms are shown in Fig. 1.1 in a clover
leaf model along with the four modified bases, mcm®U, N6-isopentenyladenosine
(i%A), pseudouridine (y), and 1-methyladenosine (m!A) at positions 34, 37, 55,
and 58, respectively [7]. The nucleoside, mcm’Um, is also shown. Unlike any
other known tRNA, Sec tRNA exists in a novel clover leaf form having 13 bases
in the acceptor and TyC stems compared to 12 in other tRNAs and the acceptor
stem contains nine bases, while the TyC stem contains four. Thus, the tRNA
resides in a 9/4 cloverleaf form compared to a 7/5 form in other tRNAs [8, 9]. The
D-stem of Sec tRNA has more base pairs, five to six, than all other tRNAs, which
have three to four. Furthermore, Sec tRNA does not have the dihydrouracil base
found in the D-loop in other tRNAs. The long variable arm and the extra base in
the acceptor/TyC stems account for the bases that make this tRNA much longer
than canonical tRNAs. When comparing Sec tRNA to all other tRNAs, it is indeed
the most unique adaptor RNA described to date. These features account for the
inability of elongation factors TU or lalpha to bind tRNAB#e and the require-
ment instead for dedicated elongation factors SelB and EF-SEC in bacteria and
eukaryotes, respectively.

Sec tRNA is rightfully named Sec tRNAB1_gince it is initially aminoacylated
with serine (Ser) by seryl-tRNA synthetase (SERS); but as a result of synthesizing
Sec from Ser on the tRNA, it inserts Sec into protein. Historically, tRNAs were
named by the amino acid attached to them by their corresponding aminoacyl-tRNA
synthetase, and unlike any other known tRNA in eukaryotes, Sec is synthesized
directly on its tRNA. The novelty of these events are highlighted by the uniqueness
of its name, tRNASerlSec,

1.3 Um34 Addition to Sec tRNABSerISe«c| 3 Most Highly
Specialized Modification

In the maturation of Sec tRNASeSe¢_ the final modification is the addition of Um34,
which is indeed a highly specialized event. For example, its synthesis depends on
the secondary and tertiary structure of Sec tRNA [10], and its inclusion in the
tRNA has a dramatic impact on tertiary structure of the molecule [7]. The synthe-
sis is dependent on selenium status [7, 11, 12] and its presence governs stress-
related selenoprotein synthesis [13, 14]. The extent of Um34 modification is
dependent on selenium status that in turn governs the magnitude of stress-related
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Fig. 1.1 The primary structure of human tRNASe5« s shown in a cloverleaf model. There are 90
bases in mammalian tRNASIS¢ and the bases are numbered as shown in the figure (see also [9]).
The acceptor stem constitutes the paired 5’ and 3’ terminal bases, the D stem and loop constitute
the six paired and four unpaired bases of the left portion of the tRNA, the anticodon stem and loop,
the six paired and seven unpaired bases of the lower portion of the tRNA, the variable stem and
loop, the five paired and four unpaired bases, and the TyC stem and loop, the four paired and seven
unpaired bases of the right portion of the tRNA. Mammalian tRNASS¢« contains base modifica-
tions at positions 34 (mem’U), 37 (i°A), 55 (y) and 58 (m'A) as described in the text. The two
isoforms differ from each other by a single methyl group on the 2’-O-ribosyl moiety at position 34

selenoprotein expression; i.e., the higher the selenium level, the greater the degree
of mecm®Um occurrence and thus the enhanced expression of stress-related seleno-
proteins [7, 11, 12].

An unresolved question regarding Um34 addition to the mem>U isoform is when
exactly does this addition occur during Sec tRN A5 maturation. Synthesis of the
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modified bases, ¥ and m'A at positions 55 and 58, respectively, occurs in the
nucleus, while the synthesis of mem>U occurs in the cytoplasm [15, 16]. However,
base analysis following injection of the tRNABeISe transcript into Xenopus oocytes
revealed that the i°A modification at position 37 was present in tRNABS#5« both with
and without Um34 [15]. Since only the mecm*Um isoforms, mem®U and mem®Um,
were found in cells and tissues, we proposed that iA has to be present on the tRNA
for Um34 synthesis to take place and i°A addition was reversible [17]. The fact that
tRNABeISec agpparently must have an amino acid attached, presumably Sec, prior to
Um34 addition suggested that the corresponding methylase is highly specific for
Sec-tRNABeSe and that the i°A modification must be present for Um34 addition.
The enzyme that adds i°A, isopentenyl transferase 1 (TRIT1), has been character-
ized in mammalian cells, and although the reversibility of this enzyme has not been
characterized per se, it seems highly unlikely that the reaction is sufficiently revers-
ible [18] to accommodate the earlier proposal that addition of the i°A base is revers-
ible (see above and [17]). Sec-tRNABS*ISec must have both Um34 and i°A
modifications for stress-related selenoprotein synthesis to occur as the isoform lack-
ing i°A cannot express this subclass of selenoproteins [13, 14]. Thus, it appears that
i°A must be present for Um34 synthesis in vivo. These observations raise questions
as to where in the cell and at what stage during tRNASe1Se maturation do Um34
synthesis take place in vivo, if the TRIT1 reaction is poorly reversible and Um34
cannot be synthesized on mem®U lacking i°A?

Sec-tRNABeSee  sum is essential for stress-related selenoprotein synthesis and
the presence of Um34 [19] and i®A modifications (see [20] and references therein)
enhance the accuracy of codon:anticodon recognition. It should also be noted that
mem’U synthesis at position 34 on tRNA was reported in Arabidopsis [21], while
the mammalian tRNA methyltransferase, ALKBHS, along with an accessory pro-
tein, TRM112, have been found to perform the final methylation step in formation
of mem’U in tRNABerISee [22]. ALKBHS8 knockout mice lacked the Um34 modifica-
tion and had reduced GPx1 expression, indicating that mecm>U formation is neces-
sary for Um34 synthesis [22].

1.4 Trsp, the Sec tRNABSIS« Gene

The Sec tRNABISe gene is designated Trsp. It is a single copy gene in all organisms
examined except zebrafish, which has two gene copies [23]. An RT-PCR technique
was developed for identifying and sequencing tRNAsS15« from lower eukaryotes
[24] and the corresponding tRNAs from Chlamydomonas reinhardtii [24] and
Dictyostelium discoideum and Tetrahymena thermophila [25] were sequenced. The
longest eukaryotic Sec tRNABI« gene sequenced to date was from Plasmodium
falciparum, which is 93 nucleotides in length [26, 27]. Trsp is present on chromo-
some 19 in humans [28] and chromosome 7 in mice [29].
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1.5 Transcription of Trsp

Trsp is transcribed by Pol III as are all other eukaryotic tRNAs (reviewed in [17]),
although Trsp in Trypanosoma brucei has been reported to be transcribed by Pol 11
[30]. The transcription of Trsp, however, is governed largely by three upstream reg-
ulatory elements, a TATA-like box that resides between positions about —20 and
—35, a proximal sequence element (PSE) that resides between positions about —46
and —66, and a distal sequence element (DSE) that resides between positions about
—195 and -210 [31, 32] (Fig. 1.2). On the other hand, transcription of canonical
tRNAs is primarily dictated by two intragenic promoter elements, the A and B
boxes. Trsp also encodes an intragenic A-like box and a B box [33], but the role of
these two internal promoters in transcription of the Sec tRNA®B15« gene is largely
not understood [34] and, for the most part, is still controversial [16, 17]. Transcription
of Trsp begins at the first nucleotide within the gene, and thus, the transcript lacks a
leader sequence found in all other tRNAs; however, it has a 3'-trailer sequence char-
acteristic of canonical tRNAs that is removed leaving a transcript consisting of 87
nucleotides in all animals examined, wherein the CCA terminus is then added to
complete the tRNA sequence [35]. The 5’'-triphosphate at the first nucleotide in Sec
tRNABeISe remains intact through maturation of the tRNA, but its possible role in
Sec biosynthesis and incorporation into protein has not been resolved.

The TATA-like box is an essential element for Trsp transcription efficiency as
observed in vivo in Xenopus oocytes [34, 36] and in vitro in HeLa cell extracts [36].
The TATA box and PSE encode the elements also found in other Pol III transcribed
RNAs that serve as basal promoters for attachment of the regulatory factors govern-
ing their transcription [31], albeit variability in sequences exists in these regions and
particularly in the Trsp PSE, even within different species (reviewed in [17]).

Of the three upstream regulatory regions governing 7rsp transcription, the DSE
has sustained more interest. It contains a SPH motif and an octamer sequence that
constitute the Trsp activator element (AE) to which the Sec tRNA transcription
activating factor (STAF) binds ([37] and see [38] and references therein). The AE is
essential for optimal transcription in Xenopus oocytes [31], but this regulatory ele-
ment does not function in Xenopus oocyte extracts [39]. A large fragment of DNA
was inserted between the PSE and DSE in mice that resulted in embryonic lethality
due to reduced expression of Trsp transcription and generation of selenoprotein
transcripts [40]. STAF has been characterized in frogs and mice and shown to have

m---TTTTT-

-200 -60 -30
Promoter elements in tRNAISerlSec gene

Fig. 1.2 Transcription elements governing 7rsp transcription. The upstream and intragenic regula-
tory sites governing transcription of Trsp are discussed in the text. The downstream, -TTTTT-
sequence, designates the termination signal that dictates the end of transcription leaving a 3'-trailer
sequence that must be removed to yield the gene-only transcript
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roles in numerous genes transcribed by RNA Pol II and III ([41, 42] and references
therein). Mice carrying a deleted AE transgene (designated AAE") and also lacking
Trsp (designated ATrsp) were dependent on the AAE transgenic mice for expression
of tRNABeISec [43], Interestingly, these mice generated tRNABIe populations in
dramatically varying amounts in different organs and tissues than their wild type
counterparts. Some organs and tissues expressed more total tRNASeISec while oth-
ers expressed less. One consistent observation in all of the organs and tissues exam-
ined was the amount of the mcm®Um isoform was always less in AAE/ATrsp mice
than wild type mice [43]. The finding of how the defective AE region influenced the
levels of the tRNAB1 population and in particular the level of mem>Um is intrigu-
ing and must require further work.

1.6 The Genetic Codeword for Sec tRNASerlSec jg UGA

In 1986, two groups reported that TGA occurred in the open reading frames of the
genes for mammalian glutathione peroxidase 1 (Gpx/) [44] and bacterial formate
dehydrogenase (fdhF) [45] and their location coincided with Sec in the correspond-
ing proteins. This was a surprising finding as UGA is used as a termination codon
in protein synthesis in mammals and Escherichia coli. These findings provided the
first evidence that the genetic code could contain a 21st amino acid.

Mutation of the TGA codeword in fdhF to any of a number of other codons
resulted in the incorporation of the synonymous amino acid into formate dehydro-
genase that in turn was not modified to Sec [46]. This observation further suggested
that Sec was most likely the 21st proteinogenic amino acid. Since the minor
phosphoseryl-tRNA in eukaryotes was found to specifically decode UGA [3], the
possibility that phosphoserine was initially incorporated into selenoproteins and
then post-translationally modified to Sec needed to be ruled out. When tRNA[SerISe
encoded in selC in E. coli and mammalian tRN AP« were shown to synthesize Sec
on the corresponding tRNAs [4, 5], Sec was unequivocally demonstrated as the 21st
amino acid in the genetic code.

1.7 Crystallization of tRNASeriSec

Numerous elegant studies have been carried out on three-dimensional structures of
tRNABeISe transcripts from a variety of sources including human [47-49], mice
[50], archaea [51, 52] and bacteria [53, 54], either solely as a transcript [47, 50] or
in a complex with a protein [48, 49, 51-54]. Although the transcript had to be
mutated at several locations to achieve crystallization or to enhance tRNA[SeISec;
protein complex formation, these studies revealed important findings about the
function of tRNAIS« and its interaction with proteins involved in selenoprotein
biosynthesis. A major limitation in these studies, however, was that naturally
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occurring tRNASeISe with its base modifications could not be used. The lack of i°A
in non-modified mouse tRNASe15« Jeads to a disordered anticodon loop involving an
illicit As;-Us; base pair [50]. The secondary and tertiary structures of tRNALSerISe o
and tRNABerSee  sum are known to be quite different [7] and crystal analyses of the
two naturally occurring isoforms would most certainly provide novel insights into
how they have such different roles in selenoprotein synthesis.

1.8 Concluding Remarks

A key role of Sec in protein function is certainly evidenced by the appearance and
preservation of Trsp during evolution, the synthesis of Sec on tRNASeIS«  the
selenium-dependent Um34 methylation of tRNABSeSe <, giving rise to a second
isoform, tRNASerISe = im» the selective use of these isoforms in synthesizing two
subclasses of selenoproteins, housekeeping and stress-related selenoproteins, the
additional machinery used specifically in the incorporation of Sec from both iso-
forms into protein in response to UGA Sec codons and the generation of numerous
selenoproteins used in many aspects of cellular metabolism involving health and
development.

The appearance of selenoproteins containing selenium in the form of Sec likely
occurred early in evolution, prior to the appearance of the three domains of life [55].
The reasons for preservation of Sec utilization during evolution most certainly
reside in the fact that Sec is used in catalytic sites of redox-active proteins, thus
being an integral and essential part of redox homeostasis. This raises an important
question which is why then only some organisms take advantage of such a system?
The chemical basis for the selection of Sec in proteins is discussed in Chap. 7.

There are several outstanding questions regarding Sec tRNASS¢¢ and its use in
cellular metabolism. For example, what are the turnover rates of both isoforms in
selenium deficient and replete conditions? What is the identity of the Um34 meth-
ylase that converts mcm’U to mem’Um and does methylation occur in the cyto-
plasm or the nucleus? What are the governing factors responsible for the selective
use of mcm>Um in synthesizing stress-related selenoproteins? Is the tRNASeSee
isoform used exclusively for housekeeping selenoprotein synthesis or is it also used
in stress-related selenoprotein synthesis? How does a defective AE regulatory region
at the —200 position in mice cause such dramatic changes in the levels of the two
Sec isoforms in different organs and tissues, always resulting in greater reduction in
amounts of mecm*Um compared to mem’U? What are the roles of the intragenic A
and B boxes in Trsp in transcription? How do the crystal structures of naturally
occurring tRNABerISee oo and tRNABerdSe sum differ from each other? What
would their structures divulge about the functions of these two isoforms in interac-
tions with proteins and in donation of the respective Sec to the nascent polypeptide
chain (i.e., in decoding UGA)? Are there additional factors in the machinery
involved in transcription of tRNAISeISe« jncluding novel ones? Assessing these
issues will provide greater insight into the roles of the two Sec tRNASe1S« jsoforms,
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elucidate the enigma of how a 2’-O-hydroxylmethyl group can selectively govern
the synthesis of an entire subclass of selenoproteins and pinpoint how selenium
enrichment plays a role in the upregulation of Sec tRNABedSe <. and stress-
related selenoprotein expression.
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