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REPORTS

Genetic Code Supports Targeted
Insertion of Two Amino Acids

by One Codon

Anton A. Turanov,l* Alexey V. Lobanov,l* Dmitri E. Fomenko,1 Hilary G. Morrison,2
Mitchell L. Sogin,? Lawrence A. Klobutcher,® Dolph L. Hatfield,* Vadim N. Gladyshev't

Strict one-to-one correspondence between codons and amino acids is thought to be an essential
feature of the genetic code. However, we report that one codon can code for two different amino
acids with the choice of the inserted amino acid determined by a specific 3" untranslated region
structure and location of the dual-function codon within the messenger RNA (mRNA). We found
that the codon UGA specifies insertion of selenocysteine and cysteine in the ciliate Euplotes
crassus, that the dual use of this codon can occur even within the same gene, and that the
structural arrangements of Euplotes mRNA preserve location-dependent dual function of UGA when
expressed in mammalian cells. Thus, the genetic code supports the use of one codon to code for

multiple amino acids.

Ithough codons can be recoded to spec-
Aify other amino acids or to have ambig-

uous meanings (/, 2), and stop codons
can be suppressed to insert amino acids (3), in-
sertion of different amino acids into separate po-
sitions within nascent polypeptides by the same
codeword is believed to be inconsistent with

ribosome-based protein synthesis. In ciliated pro-
tozoa from the Euplotes genus, cysteine (Cys) is
encoded by three codons, UGA, UGU, and UGC
(4, 5). UGA is a stop signal in the universal
genetic code, and this codon can also code
for the 21st amino acid, selenocysteine (Sec)

(6).

Metabolic labeling with "*Se showed that E.
crassus contains multiple selenoproteins (fig. S1).
To identify the codon used for Sec, we sequenced
15,000 E. crassus expressed sequence tags (ESTs)
(fig. S2) and the full-length eGPx1 cDNA se-
quence. The eGPx1 cDNA encodes a 22-kD pro-
tein with a single in-frame UGA codon (Fig. 1A)
and a Sec insertion sequence (SECIS) element (7)
in its 3’ untranslated region (3'UTR) (Fig. 1B),
which suggests that this UGA encodes Sec.
Therefore, UGA may be used for both Cys and
Sec insertion in Euplotes. Expression of eGPx1
as a fusion protein with green fluorescent pro-
tein (GFP) in human embryonic kidney (HEK)
293 cells revealed specific 7>Se incorporation
(Fig. 1C). The corresponding full-size protein
was also detected by Western blotting (Fig. 1D).
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Mutation of the core region of the eGPx1 SECIS
element prevented ">Se incorporation and protein
synthesis (Fig. 1, C and D), indicating that SECIS
was required for Sec insertion in response to UGA.

E. crassus genome sequencing and analysis
revealed eight selenoprotein genes (figs. S3 to
S16) and three tRNAs that recognize UGA co-
dons, including Sec tRNA, mitochondrial Trp
tRNA, and a novel Cys tRNA (Fig. 2A and
fig. S17). A Cys tRNA recognizing UGU and

UGC codons was also detected. Four of the eight
selenoprotein genes contained multiple UGA co-
dons (fig. S4). Comparison with known seleno-
proteins suggested the use of one codon for Sec
and an additional UGA codon (or codons) within
the same gene for Cys insertion. E. crassus
thioredoxin reductases 1 (¢TR1) and 2 (eTR2)
had seven in-frame UGA codons, with the first
six predicted to code for Cys and the last one to
code for Sec (figs. S5, S6, and S18). To

examine coding functions of UGA codons, we
cloned a novel selenoprotein ep22, selenopro-
tein W2 (eSelW2), and eTR1 (figs. S5, S8,
S10, and S19) and expressed them in the form
of GFP-fusion proteins in HEK 293 cells.
Specific 7*Se incorporation was observed into
GFP-ep22 (Fig. 1, E and F) and GFP-eSelW2
(Fig. 1G), which had single UGA codons.

In the case of GFP-eTRI1, we initially did
not observe ">Se incorporation (Fig. 2B, lane 2).
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Fig. 1. E. crassus selenoproteins encode Sec with UGA codon as directed g: :2:
by SECIS element. (A) Schematic representation of eGPx1 mRNA. The pram b= L th§;1 49 - “255;1
positions of the start (AUG), Sec (UGA), and stop (UAA) codons and the 387 ol &.—Gpp
SECIS element in the 3'UTR are shown. (B) eGpx1 SECIS element. “Core” f: ] f: =
highlights the mutations made in the SECIS core. (C) Expression of GFP- 14 — 14 —
eGPx1 fusion in HEK 293 cells. Cells were transfected with the pEGFP-C3 AR :
vector, pEGFP-eGPx1 construct, or construct with mutations in the SECIS Ayt K il
core (pEGFP-eGPx1core) [see (B)], labeled with °Se and analyzed as o | 3
given in (11). Selenoprotein patterns were visualized with a Phosphor- =
Imager on SDS—polyacrylamide gel electrophoresis (SDS-PAGE) gels. (D) & o S
Western blot analysis of samples shown in (C) with antibody to GFP. E Qg‘," Q,f-l F 7 F G & QE?
Arrows show the positions of GFP and GFP-eGPx1. (E) Expression of GFP- & & é?' é?ﬁ <’-§ &
ep22 fusion protein in HEK 293 cells. Cells were transfected with the § ¥ § g ¥ ¢
pEGFP-C3 vector or pEGFP-ep22 construct, labeled with ">Se, and analyzed S e o8 —
as in (C). (F) Western blot analysis of samples shown in (E) with antibodies g5 | . .o el 62 —|EE
to GFP. Arrows show the positions of GFP and GFP-ep22. (G) Expression of 49 ] —= "'S:;.,_‘ s - "‘S:;z i :H: | GFP-
GFP-eSelw? fusion protein in HEK 293 cells. Arrow shows the position of the 38 7] 3B TN . o 2 eSelw2
GFP-eSelW2 fusion selenoprotein. Molecular masses of protein standards (in fg T ff: - P
kD) are shown on the left 14 14 - 14
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Fig. 2. Sec and Cys insertion in eTR1. (A) Structures of E. crassus tRNAs. 147 m ::—
Sec tRNA, Cys tRNAs with UCA and GCA anticodons, and a mitochondrial 4 o
Trp tRNA are shown. Anticodons are highlighted in red (UCA) or blue (GCA). el h
(B) Expression of GFP-eTR1 in HEK 293 cells. Cells were transfected with 3
pEGFP-C3 vector (lane 1), pEGFP-eTR1 (lane 2), or constructs with multiple 1.2 3 4 5 1.2 3 4 5
UGA to UGC mutations in which the number indicates the amino acid p |EF E
residue for which the UGA codon is retained: pEGFP-68 (lane 3), pEGFP- 4 e 7
420 (lane 4), and pEGFP-497 (lane 5). Cells were analyzed as described eTR | og s
in Fig. 1C. Arrow shows the position of the GFP-eTR1 fusion selenoprotein. — 62 = — 62
(C) Western blot analysis of samples shown in (B) with antibodies to GFP. R :3“3 :;g
Arrows show the positions of GFP and truncated and full-size GFP-eTR1. § o ndh L o5 |28
Asterisks show the position of truncated GFP-eTR1 fusions in lanes 2 and 3. & l L 17 17
(D) Partially purified eTR sample analyzed by two-dimensional PAGE and § — 14 —14
stained with Coomassie Blue. (E) Visualization of the "Se-labeled sample 6 6
shown in (D) with a Phosphorimager. The spots of eGR are indicated by a = L
blue oval (D) and of eTR by red ovals (D and E).
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This was likely due to termination at UGAs
coding for Cys in Euplotes, which were recog-
nized as stop signals in mammalian cells. We
therefore prepared mutant forms of GFP-¢TR1,
in which six of the seven UGA codons were re-
placed with UGC, leaving single UGA at po-
sitions 68, 420, or 497. Of these, amino acids 68
and 420 corresponded to Cys, and 497 corre-
sponded to Sec in other TRs. We found that "*Se
(and, therefore, Sec) could be inserted only at
position 497 (Fig. 2B, lane 5). Western blotting
confirmed the synthesis of truncated proteins
when UGA was at positions 68 and 420, and
of the full-size protein at position 497 (Fig. 2C).
Thus, Sec was only inserted into the classical
Sec site in €TR1, whereas other UGA positions
were not served by SECIS for Sec insertion and
instead supported termination of translation in
mammalian cells (in Euplotes, Cys would be
inserted).

To confirm Cys insertion at UGA codons
other than codon 497 in eTR1, we purified the
73Se-labeled 55-kD selenoprotein band from
E. crassus after a series of chromatographic steps

A
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(Fig. 2, D and E). Liquid chromatography—
tandem mass spectrometry sequencing revealed
peptides corresponding to eTR1 and a more
abundant glutathione reductase (eGR) (figs. S20
to S22). This analysis identified eTR1 peptides
containing Cys in positions 63, 68, 208, and 270,
which are encoded by UGA codons (figs. S5 and
S18), whereas peptides containing Sec at these
positions were not detected. Thus, UGA differ-
entially codes for Cys and Sec in different posi-
tions within the E. crassus ¢eTR1 gene.

To determine whether Cys and/or Sec in-
sertion is associated with UGA position within
the gene, we prepared GFP-eTR1 mutants con-
taining single UGA codons in unnatural codon
positions: 246, 441, 467, 478, 489, 494, or 496.
3Se-labeling and Western blotting revealed that
UGA terminated translation in positions 246,
441, and 467 but inserted Sec in positions 489
and 494 (Fig. 3, A to E). Sec was also inserted
at position 496 (fig. S23), whereas position 478
was intermediate, supporting a low level of Sec
insertion (Fig. 3, C and D). Thus, Sec insertion
was restricted to approximately the last 20 codons,
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whereas the region upstream supported termi-
nation by UGA in mammalian cells (and, there-
fore, Cys insertion in E. crassus).

We replaced a segment corresponding to part
of the €TR1 3'UTR, including the entire SECIS
element, with the 3'UTR region of Toxoplasma
selenoprotein T (SelT), which also has a SECIS
element (8). In this mutant, Sec insertion was
detected at position 420, that is, upstream of
codon 478 (Fig. 3F), indicating that replace-
ment of the functional 3'UTR region changed
the coding function of UGA. Similarly, Sec
could be inserted in the N-terminal region of
ep22, in addition to its natural C-terminal penul-
timate position (Fig. 3G), which suggests a model
wherein Sec insertion is dependent on an RNA
structure (fig. S24).

We have demonstrated that UGA can desig-
nate different amino acids within the same gene,
with the choice of the amino acid inserted de-
termined by availability of the functional ele-
ment within the 3'UTR and the location of UGA
within the gene. Although dual functions of stop
codons have previously been described, they
support the insertion of single amino acids (e.g.,
Sec or pyrrolysine) in competition with termi-
nation (9) or ambiguous codon function due to
dual specificity of a particular tRNA (/0). Here,
we show that one codon supports specific in-
sertion of multiple amino acids, indicating that
evolutionary expansion of the genetic code is
possible.
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Supporting materials

Selenoproteins in Euplotes

To determine if E. crassus has Sec-containing proteins, we metabolically labeled this organism with "Se,
and separately labeled Dunaliella salina, the marine alga used as the food source for E. crassus.
Autoradiography of E. crassus proteins following SDS-PAGE analysis revealed specific incorporation of
radioactive Se into several proteins, and the selenoprotein pattern was similar to that observed in human
HEK 293 and algal Ostreococcus tauri cells (Fig. S1). Humans have 25 and O. tauri 26 known

selenoprotein genes (S1, S2).

Euplotes genome and Sec and Cys tRNAs

The macronuclear genome of E. crassus is organized in the form of gene-sized chromosomes, each flanked
by telomeres. To determine how widespread the use of UGA is for Cys and Sec insertion in Euplotes, we
sequenced (S§3) the macronuclear genome of E. crassus (>4x coverage), and determined coding
characteristics of its codons. Consistent with previous reports (5, §4), we found that UGA is a common
codon for Cys in this organism (e.g., we detected 445 UGA codons in ESTs and 13,206 in the genome that
were predicted to code for Cys) (Fig. S2). UAA and UAG were found to be stop signals, whereas we did not
detect ORFs ending with UGA. We also identified two Cys tRNAs, including one that had a UCA anticodon
(i.e., corresponding to the UGA codon) (Fig. 2A). This finding shows that the previous prediction of a single
Cys tRNAgca serving UGA, UGC and UGU codons in Euplotes is incorrect (S5). The novel Cys tRNAyca
phylogenetically clustered with other Cys tRNAs (Fig. S17) suggesting it evolved by Cys tRNA gene
duplication followed by a change in the anticodon. Sec tRNA also was detected. All Sec tRNAs are
characterized by a long variable arm (Fig. 2A), which is missing in Cys tRNAs.

Identification of Euplotes selenoproteins

As UGA codon could not be used to distinguish between Cys and Sec insertion, we relied on computational

searches for SECIS elements using SECISearch (S7). Eight selenoprotein genes were identified, each

containing a SECIS element in the 3’-UTR (Fig. S3-S16). Seven of these proteins corresponded to

previously known selenoproteins and one was a new selenoprotein belonging to the Pfam09409 family

(designated ep22 for Euplotes 22 kDa protein). Further analyses identified ep22 selenoprotein homologs in
1



other ciliates, Tetrahymena and Paramecium, and in a primitive animal, Nematostella, and in all these
sequences, UGA specified Sec even though these organisms have genetic codes different than that of

Euplotes (Fig. S15). The sequenced ep22 chromosome is illustrated in Fig. S19.

Expression of Euplotes selenoproteins in mammalian cells

To easily distinguish between Cys and Sec insertion in Euplotes proteins, we employed a mammalian
expression system where UGA is a default stop signal and can also support SECIS-dependent Sec insertion.
Due to competition of Sec insertion with termination of protein synthesis and low level of Sec insertion

machinery, selenoprotein expression is accompanied by truncated protein forms.

Purification of natural Euplotes selenoproteins

Like mammalian TRs (§6), an abundant 55 kDa Euplotes selenoprotein tightly bound ADP-Sepharose and
occurred in multiple spots on 2D gels (Fig. 2D, E). It was identified as €TRI1 via tryptic digest and LC-
MS/MS. We also partially purified eSelW2 (the major 8 kDa selenoprotein in Euplotes) and verified tryptic
peptides from its sequence (Fig. S8, S22).

Mechanism of alternative use of UGA codon for Sec and Cys insertion into eTR1

It appears that eTR1 mRNA is organized such that its SECIS is unavailable for Sec insertion in most of the
eTR1 sequence (Fig. S24A). However, once the translating ribosome approaches the last 20 codons in eTR1,

the mRNA is restructured and the SECIS can now support Sec insertion (Fig. S24B).

Taken together, our data show that E. crassus utilizes UGA for insertion of both Cys and Sec, establishing it
as the first known organism that utilizes one codon to code unambiguously for two different amino acids.
The example of E. crassus shows that the genetic code can be naturally extended by recoding a subset of
codons in an organism for insertion of a different amino acid by utilizing RNA elements within 3’-UTRs
and controlling their availability for the translating ribosome. This mechanism could support both regulation
of protein synthesis and addition of new or modified amino acids to the genetic code. For example, since
Sec is made from phosphoserine on Sec tRNA, the Euplotes genes could be adapted for phosphoserine
insertion into specific positions of protein. Finally, as the possibility of the use of one codon to code two
amino acids has not been previously considered, it would be extremely important to determine whether this

situation is widespread in organisms with completely sequenced genomes as well as generally in nature.
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Supporting Methods

We constructed an E. crassus CTS cDNA library from total RNA isolated from cells growing in the log
phase, with Dunaliella salina as a food source. We used the Clontech (Mountainview, CA) SMART cDNA
library construction protocol and pDNR-LIB vector. Recombinant clones were picked into 96-well
polypropylene 2.0-ml-deep well growth blocks containing 1.2 ml Superbroth supplemented with 30 pg/ml
kanamycin and grown for 18 h at 37°C. Plasmid DNA was isolated by alkaline lysis on a Beckman Biomek
FX platform. We end-sequenced clones by dideoxy chain termination using 3 pl of cleaned template and
BigDye Terminator reagents (Applied Biosystems, Foster City, CA). Sequencing reactions were cleaned by
isopropanol precipitation, resuspended in 7 pl of formamide, and sequenced on an Applied Biosystems
3730XL 96 capillary array sequencer. Approximately 15,000 ESTs were generated from 8,400 clones,

representing nearly 2,000 distinct transcripts.

E. crassus strain CT5 ESTs were analyzed for selenoprotein genes by similarity against all known
selenoproteins, and by SECISearch for occurrence of SECIS elements (S7). A partial sequence read of
eGPx1 was identified, and complete sequencing of the corresponding clone indicated that it represented a
full-length cDNA. All E. crassus ESTs were also analyzed for occurrence of UGA, UGU and UGC codons

within ORFs, and the incidence of each codon was calculated.

The E. crassus macronuclear genome was sequenced at the 454 Life Science (www.454.com) facilities. A
total of 836,065 reads (201,591,529 bp) were obtained, with an average read length of 241.1 bp. Sequences
were assembled into 66,728 contigs covering 34 Mbp. Average depth of all contigs was 4.07. Both raw data
(reads) and contigs were used in the computational analysis. Detailed analysis of the E. crassus genome will

be published elsewhere.

tRNA prediction was carried out using tRNAscan-SE (http://lowelab.ucsc.edu/tRNAscan-SE/) with default
settings and ARAGORN (http://130.235.46.10/ARAGORNI1.1/HTMIL /aragornA_.html). A search for Sec
tRNA also included BLAST searches against known Sec tRNA sequences and use of tRNAscan-SE under

"maximum sensitivity" mode. To analyze for codon frequency, EST and genome contigs were translated in
6 frames. Each candidate ORF was checked for homology to conserved protein domains with RPS-BLAST

with an E-value cutoff 1e®. ORFs containing conserved domains were analyzed for codon frequency.



Since UGA codes for both Sec and Cys in this organism, the presence of in-frame UGA does not provide

sufficient criterion for recognition of selenoproteins. Therefore, another characteristic feature of

selenoproteins, the presence of a SECIS element in the 3'-UTR, was used as the main criterion for

recognition of selenoprotein genes. Selenoprotein searches were conducted as follows:

1) A stand-alone version of SECISearch (S§7) was used for SECIS element identification.

2) Upstream regions of candidate SECIS elements were analyzed for similarity to known selenoproteins and
to proteins from NCBI non-redundant database.

3) SECIS candidates lacking translated regions with similarity to known proteins were dismissed. Some of
these sequences were partial. Therefore, some of the candidate structures might be true SECIS elements.

The searches utilized the PrairieFire Beowulf cluster at the Research Computing Facility, University of

Nebraska — Lincoln.

To experimentally examine Euplotes for the occurrence of selenoproteins, 50 ml of E. crassus strain CT5, as
well as (as control) D. salina, O. tauri (cultured in artificial sea water) and a 10 cm plate of HEK 293 cells
(cultured in DMEM medium supplemented with 10% FBS, 100 units/ml penicillin, and 100 units/ml
streptomycin (Invitrogen)) were metabolically labeled with 50 pCi of "*Se ([”Se]selenious acid (specific
activity, 1,000 Ci/mmol) Research Reactor Facility, University of Missouri, Columbia, Mo.) for 48 h. Cells
were collected, resuspended in PBS and sonicated. 30 pug of total soluble protein from each organism were
resolved by SDS-PAGE and transferred onto a PVDF membrane (Invitrogen). Selenoprotein patterns were

visualized with a PhosphorImager (S7).

Full-length eGPx1, ep22, eTR1, and eSelW2 cDNAs, including their 3’-UTRs, or genes, were amplified by
PCR from the 077B06 EST clone (contig CL1180C1) for eGPx1 and from E. crassus whole cellular DNA
for ep22, eTR1 and eSelW2 with Pfu Ultra DNA polymerase (Stratagene). The PCR fragments were cloned
into pGEM-Teasy (Promega) and pEGFP-C3 vector (Clontech, BD Biosciences). The QuikChange™ Site-
Directed Mutagenesis Kit (Stratagene) was used to generate mutations in the SECIS element of eGPx1 and
mutations of in-frame codons in the eTR1 gene. Similarly, mutations were made to introduce UGA in
positions 246, 441, 467, 478, 489, 494, 496 and replace the natural UGA with UGC in position 497 in the
eTR1 gene. In addition, UGA was introduced into codon position 44 in the ep22 gene. A segment of
Toxoplasma SelT 3’-UTR containing the SECIS element was amplified by PCR primer extension and
cloned into the eTR1 gene using pPEGFP-420 and pEGFP-497 eTR1 constructs as templates. HEK 293 cells,
cultured in DMEM medium supplemented with 10% FBS, 100 units/ml penicillin, and 100 units/ml
streptomycin (Invitrogen) were transfected with the resulting constructs using the calcium phosphate

method. 24 h after transfection, cells on 10 cm plates were labeled by supplementing the medium with 50
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uCi of Se for an additional 48 h. Cells were collected, resuspended in PBS and sonicated. 30 ug of total
soluble protein from each transfection were resolved by SDS-PAGE and transferred onto a PVDF
membrane. Selenoproteins were visualized with a PhosphorImager. Western blotting of the GFP-fusion
proteins in HEK 293 cells was performed with anti-GFP antibodies (Invitrogen). The PVDF membrane was
incubated with anti-GFP antibody and GFP and GFP fusion proteins were visualized with an ECL kit (GE
Healthcare).

To isolate selenoproteins, 50 ml of E. crassus cells were labeled with 50 uCi/g of "Se for 72 h and the
labeled cells mixed with 4 g of unlabeled cells that were cultured separately using the same procedure. Cells
were washed twice in cold PBS and resuspended in PBS containing EDTA-free protease inhibitor mixture
(Roche). eSelW2 was isolated on a DEAE-Sepharose column, and eTR1 was isolated on DEAE-Sepharose
and then ADP-Sepharose (GE Healthcare) columns, following "Se radioactivity in protein fractions. Based
on the observed elution properties of selenoproteins, we also prepared unlabeled fractions enriched for
selenoproteins (for LC-MS/MS analysis). Resulting protein fractions (100 pg of total protein) were
subjected to two-dimensional electrophoresis separation. ReadyStrip IPG strips (Bio-Rad) were used for
isoelectrofocusing and NOVEX gels for SDS-PAGE (Invitrogen) according to the manufacturer’s protocols.
Proteins were transferred onto a PVDF membrane (Invitrogen) and visualized by Coomassie Blue (Bio-Rad)
staining. Sequences of proteolytic peptides of unlabeled Euplotes proteins were determined by LC-MS/MS

at Midwest Bio Services and the proteomics facility of the Redox Biology Center, University of Nebraska.



Supporting Figure S1. Metabolic labeling of E. crassus, D. salina, O. tauri and human HEK 293 cells
with 7Se-selenite. 30 g of total protein from each organism were resolved by SDS-PAGE and transferred
onto a PVDF membrane. Selenoprotein patterns were visualized with a PhosphorImager. Arrows indicate
the positions of human thioredoxin reductase 1 (TR1), glutathione peroxidase 1 (GPx1) and glutathione
peroxidase 4 (GPx4).
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Supporting Figure S2. Codon usage and frequencies based on EST and genome sequences. The use of

UGA is shown in red.

AA: EST Genome

F

UUU 3389 (2.0%) 46392 (2.2%)
UUC 4799 (2.8%) 52324 (2.5%)
L

UUA 2003 (1.1%)
UUG 2604 (1.5%)
CUU 3554 (2.1%)
CUC 2889 (1.7%)
CUA 1122 (0.6%)
CUG 1125 (0.6%)
I

29936 (1.4%)
30136 (1.4%)
47623 (2.3%)
33908 (1.6%)
21693 (1.0%)
20048 (0.9%)

AUU 5223 (3.1%)
AUC 4533 (2.7%)
AUA 1488 (0.9%)
M

67068 (3.2%)
54426 (2.6%)
28870 (1.4%)

AUG 4339 (2.6%)
\Y%

49185 (2.4%)

GUA 1943 (1.1%)
GUG 1308 (0.9%)
GUU 3506 (2.1%)
GUC 2972 (1.8%)
S

24960 (1.1%)
18087 (0.9%)
37123 (1.8%)
28323 (1.4%)

UCA 2581 (1.5%)
UCG 408 (0.2%)
UCU 2634 (1.5%)
UCC 1592 (0.9%)
AGU 1556 (0.9%)
AGC 1630 (0.9%)
W

35817 (1.7%)
7639 (0.4%)

40565 (1.9%)
17823 (0.8%)
25254 (1.2%)
20836 (1.0%)

UGG 1807 (1.1%)

20160 (1.0%)

AA: EST

Genome

P

CCA 3534 (2.1%)
CCG 293 (0.2%)
CCU 1901 (1.1%)
CCC 598 (0.3%)
T

34051 (1.6%)
4276 (0.2%)
(29728 (1.4%)
8667 (0.4%)

ACA 1935 (1.1%)
ACG 278 (0.2%)
ACU 4092 (2.4%)
ACC 2504 (1.5%)
A

30730 (1.5%)
5017 (0.2%)

45694 (2.2%)
21493 (1.0%)

GCA 2517 (1.5%)
GCG 275 (0.2%)
GCU 5109 (3.0%)
GCC 2531 (1.5%)
Y

31806 (1.5%)
4493 (0.2%)

48893 (2.3%)
19566 (0.9%)

UAU 3211 (1.9%)
UAC 3113 (1.8%)
UAA SUOP

44247 (2.1%)
33891 (1.6%)

UAA 581 (0.3%)
UAG SUOP

5747 (0.3%)

UAG 109 (0.1%)
UGA Sec/Cys

2057 (0.1%)

UGA 445 (0.3%)
H

13206 (0.6%)

CAU 2131 (1.3%)
CAC 1482 (0.9%)
Q

29117 (1.4%)
15329 (0.7%)

CAA 3309 (1.9%)
CAG 2219 (1.3%)

44881 (2.1%)
30538 (1.5%)

AA: EST Genome
N
AAU 4140 (2.4%) 64286 (3.1%)

AAC 4062 (2.4%)
K

46994 (2.2%)

AAA 6384 (3.8%)
AAG 8029 (4.7%)

D

93376 (4.5%)
89123 (4.3%)

GAU 6466 (3.8%)
GAC 4058 (2.4%)
E

79897 (3.8%)
43684 (2.1%)

GAA 7752 (4.5%)
GAG 5165 (3.1%)
C

100748 (4.8%)
63905 (3.1%)

UGU 1171 (0.7%)
UGC 1237 (0.7%)
R

15327 (0.7%)
12701 (0.6%)

CGA 135 (0.1%)
CGG 150 (0.1%)
CGU 276 (0.2%)
CGC 120 (0.1%)
AGA 5401 (3.2%)
AGG 1173 (0.7%)
G

4545 (0.2%)
2684 (0.1%)
4199 (0.2%)
2442 (0.1%)
57712 (2.8%)
20305 (1.0%)

GGU 2479 (1.5%)
GGC 1507 (0.9%)
GGA 6883 (4.1%)
GGG 1157 (0.7%)

23908 (1.1%)
17529 (0.8%)
60322 (2.9%)
13672 (0.7%)
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[Supplementary material is included following the article.]
Supporting Figure SS. Nucleotide and amino acid sequences of Euplotes thioredoxin reductase 1
(eTR1). Initiator AUG codon is shown in green; the Sec-encoding UGA and the stop UAA codon are in
bold red. The UGA codons that may correspond to Cys are shown in red. The sequences corresponding to
the SECIS element are underlined and shown in blue. In the protein sequence, the initiator (M) and Sec (U)
amino acid residues are indicated. The cysteine (C) amino acids encoded by UGA codons are highlighted in
red, by UGU in blue and by UGC in green.

GTTTATAACTATAAAATATCAAATTTAGAA GACTATTCAGACACTCCACAAGAAGAATCCACTCATAGTTATGACTATGAT
D Yy s DT P Q E E S T H S Y D Y D

CTTTTTGTAATCGGAGGTGGTTCTGGAGGGCTTGCT@GCCAAGGTTGCTCAAGAGGCAGGAGCTAAAGTAGCAGTAGCAGAT
L F vIiI G G G S G GGLACW AI KV A QE AGA AI KV A YV A D

TTTGTAAAGCCAACTCCAAAGGGAACAAAGTGGAAAGTAGGAGGAACABRGTGAATGTTGGTBEATCCCCAAAAAGCTGATG
F V K P TP K GTXKWZ KV GGTTCVNJ VG CTIZPTZ KT KTLM

CACTACTCCGCATTGTTAGGAAATTCATATCACGACCAAGTTGAGAGCGGATGGGAGCATGAGAAACCTTCTCATGACTGGGGT
H ¥ s A L L G N S Y HD Q V E S G WE HEIK P S HDW G

AAAATGATTACCAATGTCAATAACCATATAAGAGGTATCAATTTTGGATACAAAGCAGATATGAGAAAGAGAGGTATAAAGTTC
K M I T N V NN HTIURGTINU&F G Y K A DMURBRI KU RG I K F

CATGAAAAGTTTGCCTCCTTTGTCGATCCTCATACCGTACAACTAGTTGATAAGAAGGGCAAGACCGAAATGATTACTTCTAAT
H E K F A S F VDUPHTV QL VDK KGI KT EMMTIT S N

TATTTCGTAATTGCTACTGGAGGCAGACCTCTCTATCCTGATATTCCAGGAGCCAAAGAGCATGCAATTACTAGTGATGATATT
Y F v I A T G G R P L Y P DI P G A K EHA ATI T s DD I

TTCTGGATGAAAGACAACCCTGGTAAAACCCTTGTGGTAGGTGCTTCCTATGTCGCGTTGGAA-GCTGGATTTTTACATCAT
F W M K D NP G K T UL V V GA S Y VA LETZCAGU F L H H

TTTGGAAACGAAGTTTCAGTT@GTCCGATCAATCTTTTTGAGAGGTTTCGATCAAGATATGGCGCAAAAGATTGCTAAAGAC
F G N E V S V C VR S I VF L RGUF D QD MMALOQI K I A KD

ATGGAACTCAGCGGGATTAATTTCATTAGAGACTCTATGCCTACCAAAATTGAGAAAGGCGAAGAGACTGGCAAGCTCACC-
M E L S G I N F I R D s M P T K I EI KGEETGI KL T C

TTTTTAACAGTAGGAGGCGAAGAAACTACCGTTGAAGTAGATACTGTTCTTTTTGCAATTGGTAGATATGCTGTGACAGCTGAT
F L T V G G E E T T VvV E VvV D T V L F A I G R Y A V T A D

TTAAATCTAGGTAATGCTGGACTCATTGCTGAAAAGAATGGAAAATTCATTACTGACAAATACCAGAAAACTAATGTTGACAAT
L N L G NAGULTI AEI KNG KU FTITUDI K Y Q K TNV D N

ATCTATGCTATAGGGGATGTGCTTCATGGAAAATTGGAACTTACTCCAACTGCAATTCAAGCGGGAAGACTATTGGCTGATAGA
I Yy A I 6D VL HG KL E L TU?PTATI QA AGUR L L A DR

CTATTTGCTGGAGGAACTACTACAATGGATTTTTATGATGTTCCTACTACTATCTTTACTCCTCTTGAGTATGGA-GTAGGT
L F A G GT T TMUDVF YD VP TTI F TP L E Y G C V G

TACTCAGAGGAAGATGCTAGGGAGGAATATGGTGACTTCATCAAAGTTTACCATACTTATTTCCAGCCATTAGAATGGAACTTT
Y s E E D A REEY GDVF I K V Y HT Y F Q P L E WN F

GCAAAATCAATCTATAAGGAGAGGAAT-TACGTAAAAATTATAGTAAACACTGCAGATAATGACAGAGTGATCGGGTTCCAT
A K S I ¥ K E R NC Y Vv K I I V NTADNDI RV I G F H

ATTCTC@CCTAATGCTGGGGAGATAACACAAGGAATTGCTATTGCCATCAAAGTAGGAGTCACAAAGCCTCAGTTAGATAAC
I L. C P N A GE I T Q G I A I A I KV GGV T K P Q L DN

@GTTGGAATTCATCCTACAATTGCTGAAGAAATGACTAATCTACATATTGATAAAGCTGATAATCCAGATCCAATTAAATCG
c v G I H P T I A E EMTNTILUHTIIDI KA AU DNU©PUDUP I K S

GATjyel® TCTTAAAGAGTCTIGTGCATATTAGGAGTTGCTAAAATTTAGTCAACTACTAATAACTGCATGGGAAAAATATAGT
D C U s

CGGTAAAGGAGACAAATCAGTAAGCAATGTTTCCAGACAATATGCTIGGTCTTTAGAAGCATTAGCTTTAATGATACTCTCTTT
CTTCAAATACATAAGAAAGCGAGTTGAACAGCTGAGGACTCTCTGAGTAGTAATACATCG
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[Supplementary material is included following the article.]

Supporting Figure S6. Nucleotide and amino acid sequences of Euplotes thioredoxin reductase 2
(eTR2). Initiator AUG codon is shown in green; and Sec-encoding UGA and stop UAG codons are in bold
and red. UGA codons that correspond to Cys are shown in red. The SECIS element is shown in blue and
underlined. In the protein sequence, initiator (M) and Sec (U) residues are indicated. Cysteine (C) encoded
by UGA codons are highlighted in red, and by UGU in blue.

CCCCCAAAACCCCAAAACCCCCAAAACCCCCTTITCAAAAATATAAGCGTAGAAGTTCACATGAATCTATAATTTATAAGAATG
GCTGACTCTGAA AAGAGTAATGAGTCAGAAGAATATGAAGAGACTAAGCGTCGTTATGATTATGATCTCTTCGTCATTGGT
K S N E S E E Y E E T K R R Y D Y D L F V I G

GGAGGATCAGGAGGACTTGCTHeRiGCTAAAGCAGCTCAAGAGIEIGGAGCAAAGGTAGCTGTAGCTGACTTTGTCAAGCCCTCT
G G S GG LACA ATZ KA AA AOQETCTGA AT KV VA AVADTFV KUP S

CCTCATGGATATGGAGTTGTGACT TGGGGAGTTGGTGGAACTIEMGTCAATGTGGGABEATACCAAAGAAATTATTACATTAT
P HG Y GV VTWGVGGTTCVNVSGT CTIZPIZ KTZE KTLTLHY

TCAGCAAATTTGGGAGAAGCTTATGTTGATAGAGCTAGTAGTGGATGGGACCATGAGAAGCCAAAACACGATTGGGGTAAAATG
S A N L G E A Y V DIRA AS S G WD HUEI K P K HUDWG K M

ATTTCTAATATTAATAATCATATTCGAGCTATTAATTTTAGCATCAAAACTGATTTGAGGAAGAGAGGAATAAAATTTTATGAA
I S N I NN HTI R ATINU F S I KTD LRI KRG I K F Y E

AAATTAGCTTCTTTTGCTGATCCACATACTATTCAACTTTTAAACAAGAAAGGCAAGACAGAATTAGTGACAGCAAATCATATT
K L A s F A D P HTI Q L L N KK KGI K TETLV TANUHI

GTTATTGCAACTGGGGGAAGGCCTCTCTACCCTGATATCCCTGGAGCAAAGGAGTATGGTATTACAAGCGATGACATTTTCTGG
v i ATGGURPUL Y P DI P G A K E Y G I T s DD I F W

CTGAAGAAAAATCCAGGTAAAACCTTGGTCATTGGCGCATCTTATATTGCACTTGAA-GCTGGATTTTTACATAGTTTTGGT
L K K NP G K TULV I GA S Y I A L ECAGUF L H S F G

AACGATGTTTCTGTGHBBGTAAGATCGGTCTTTTTGCGGGGCTTTGATCAGGATATGGCTAATATGCTTGCCAAGGATATGGAA
N DV SV CV®RSVFTULIRTGTFUDIQDMANMTLA ATZ KDME

GAACATGGTGGAGTCAAATTCATTAAAAATTCAATACCTACCAAAATCGAAAAAGATGAAGAAACAGGAAAGCTCATA-TAT
E H G G vV XK F I K N sS I P T K I EKDEETGI KL I C Y

CTCACCTCTAGAGAAGAGGAAATTACTATAGAAGTTGACACAGTTTTGTTTGCAATTGGTAGATATGCTGTTACAAAAGATCTA
L T s R E E E I T I E V D T V L F A I GR Y A V T K D L

AACCTTGAAAATGCGGGTCTCAAAGTAGAATCAAACGGTAAATTCATTACAGATGAGTTTCAACAAACTAATGTGGAGAATATC
N L E N A G L K V E S NG K F I T D EVF Q Q T N V E N I

TATGCTATCGGAGATGTGATTCATGGGAAATTAGAACTAACACCCACTGCAATTCAAACAGGTAAACTACTTGCAAGAAGATTG
Yy A I 6 DV I H G K L EL TP TATI QTG KL L AIRUR L

TATGCTGGTGAAACCACAACTATGGACTTT@GATATTCCAACTACAATCTTCACTCCTTTAGAGTATGGA-GTTGGATAC
Yy A G E T T TMTDU F CD I P T T I F TP LE Y G C V G Y

TCAGAAGAAGAAGCTAAGGAAAAATATGGAGACGCCATTAAGGTATATCATACTTACTTCAAGCCATTAGAGTGGAACTATGCA
S E E E A K E K Y A GDATI KV Y HT Y F K P L EWNY

AAATCAATTTATAAATATCGAAAT-TATGTTAAAGTAATTATAAACACTACAGAGAATGATCGGGTAATTGGCTATCATTTA
K S I ¥ K ¥ R N C Y V K V I I N T T END R V I G Y H L

TTGGCTCCAAATGCAGGAGAAATTACTCAAGGAATTGCAATTGCCATTAAGATTGGCCTTACTAAACACAAGTTAGATAAC@
L AP NA GE I T Q G I A I A I KI GULTI KUHI KTLTDNSC

GTTGGAATCCATCCAACTGTTGCAGAAGAAGTAACGGATCTCAAGATTGATAAAGCAATCAATCCTGATCCAGTCAAGACAGAT
vV G I #H P T V A EE V T D UL K I DI KA ATINWUPUDUZPV KT D

Bl T CT TAGAGCATCTGTACATATTAGTCATTGCTTTTACAAAGGCAATCACTAATAGCAGTACGGAATAATTAATCTGAA
C U s

AAGGGGAGGACCCAGTAAGCTATAGATCATACTCAAAATGAGCTATAGCTTTTATGATACTTCTTTCCTTCAAAAATATAAAGG
AAACAAGTTGAAAAGCTGGTAATTCCCTGAGCAGCTTCAGCAATAATTGTTTTTAAATTTTAAGTGTAGGTGTGATTCATCGGT
TATTGGAGATTCAATACAAAAGTTGGAGAAAGGGGTTTTGGGGTTTTGGGGTTTTGGGGG
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[Supplementary material is included following the article.]
Supporting Figure S7. Nucleotide and amino acid sequences of Selenoprotein W1 (eSelW1). Initiator
AUG codon is shown in green; and the Sec-encoding UGA and stop UAA codons are bolded and shown in
red. The sequence corresponding to the SECIS element is shown in blue and underlined. In the protein
sequence, initiator (M) and Sec (U) residues are highlighted. Cysteines (C) encoded by TGC codons are
highlighted in green.

CGCGATCTTTCTGAATATACCATGAATATTCAGTACHESGGAGGCHBETCCTATCGCCCCAAAGCTGTCTTTGTCCAGAAGGAT
N I Q Y C G G U S Y RUPI KA AVTFV Q KD

ATTAAAAAGCACTTTGGTGGAAAAATTAACGTCGTCTTTGACAGAGACTCATCACTGACTGGTAACTTTGAGATTACCATCACT
I K K H F GGG K I NV V F DU RD S S L TGNV FE I TTIT

GATAAGAAGACCGGGAAATCCCAACTTCTTCACAGTAAGAAGAACGGGGACGGTTTTGTAGAGAAAGGAACTATTGATGACTTC
D K K T G K s 9 L. L. H s K KNGDGU/F V EIKGT I D D F

AGAGAGAAAGTCCAGAAGTTCTCTTCCTAATCACTCZ—\TTCTAAGGAAAGTTCTGTTTCTAGATCTCTGCGGCATATTCTTA
R E K VvV Q K F C S s

ATGATCCCCTATCTCTTGAAATCTATAAGAGAAGGAGTGAACTCAA
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[Supplementary material is included following the article.]
Supporting Figure S8. Nucleotide and amino acid sequences of Selenoprotein W2 (eSelW2). Initiator
AUG codon is shown in green; and Sec-encoding UGA and stop UAA codons are in red and bolded. The
sequence corresponding to the SECIS element is shown in blue and underlined. In the protein sequence,
initiator (M) and Sec (U) residues are indicated. Cysteine (C) encoded by UGU is highlighted in blue.

CCCAAAACCCCAAAACCCCAAAACCCCTTTTAAATAAGAAATTTGGGTAGATTATTAATAATA GATTCAACTACAAAGGGC
D s T T K G

CACATTGTGGTCAATTAC@GGAGGT-GGATACCTTCCGAAAGCCCGTTACGTACAAGAGGCTGTCGAAAATAGATTCCCA
H I vVv N Y C G G U G Y L P K A R Y V QEA AV ENTRVF P

GGAGATTTCTCCTTTGATCTCAAAGCTGATGTAGGCAAGACCGGAAGACTTGAGGTTACAGTTTTCGTTGGTGATGATACCGAA
G D F S ¥ DL K AUDV G K T G R L E VTV F V G D D T E

GGAAAGCTTGTCCACTCCAAGGATAAAGGTCAAGGCTTCGTCAAAGATTCAAACGTTGATTCAGTACTTGATTCAATCGCCGCT
G K L v H s K D K G Q G F V KD S NVD S VL D S I A A

CTCTTAGAGTAAATCATGAGCTCTAAGAGCTAAAGGCTGAAGGTAGTAGATATTCTCCCAGGTAGCCAGTATCCTTTTCATGAT
L L E

GTCTTCGATACAGAAACTTATGGACTGTTGAAGACTGAAACAAAAGATTTTACTGTCTCTITTTGAGAGGAAAGTACTCCTCTGG
AGTGCTTTTIGTTCAGGTGTGAGAATACATGAACCCTGAGGCTTCCCAAATAGATATTCAAATGTTAAAGTTACTTACAAGTAG
TGTCAAAATTAGTAGAAGGATCCTGGGCAATACAGACCTAGATCAAGGTAGAAAATTATATCGTATCTTTTCCTTGGTGAGATT
CCTTAATGTCAAATCTTAAGAGCCTTTGTGGCTGCTGGATTTGAAGCGTAGTAAGGATATTTTAGAGGTGCTTAGTTAGCCAAT
TTCAGCAGCCAGAGCGGAGTTTCAAACATTTTGCTCATAGGTTCTAGATTCTAGGAAAGAGATCGTCCGTATTTTTGCTAAAGT
TCAATGTGACATCACGAAAGAGGGGTTTTIGGGGGTTITTTIGGGGTTTTGGGG
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[Supplementary material is included following the article.]
Supporting Figure S9. Nucleotide and amino acid sequences of Selenoprotein W3 (eSelW3). Initiator
AUG codon is shown in green; and Sec-encoding UGA and stop UAA codons are in bold and red. An
additional UGA codon that corresponds to Cys is shown in red. The sequence corresponding to the SECIS
element is shown in blue and underlined. In the protein sequence, initiator (M) and Sec (U) residues are
highlighted. Cysteine (C) encoded by UGU is highlighted in blue.

CCCCAAAACCCCAAAACCCCAAAACCCCTITICTTTCTTGGAAAAGTTTGAAATTTACCAAAAATAAAATATATATGTGATAAAG
ATAGGGATAATGGGAGTTTGTGGCTCGAAGTCAGAAATCTTCGGCTCCAAAGATGCTGAATTCGCT AAAATTCAGTTC@
K I Q F C

GGAGGC-TCATACCGTCCCAAAGCTGTCTATGTCCAGAAGGAGGTAGAAAAGATCTTTGGTGAAAAGTTAGCTGTTATTTTT
G G U S ¥ R P KAV Y V Q K E V EK I F G E KL AV I F

AAGAAAGACTTGAAGGTAACTGGGAATTTCGAAATAATCCTCTTTAATCAGAAGACGGGTGAGTCGAAGTTGGTTCATAGTAAG
K K DL K VT GNUVF E I I L F NOQI KTGE S KL V H S K

AAGAATGGTGGTGGCTTCGTGAAGGAGGATAATTTTGATGAGTTTAAAGAAAAACTCGCCGAATTC-TCATCTTAATCATCA
K N G G G F VvV X EDNUF D EUF K EIKU?PTEF C s S

ACATAGCCICTTTCTIGTTTCAACAGATATATTGCATATTTTAATGATCACCTGTCTCTTCAAACCCATAAGAGCAGGAGTGAAC
CCAATATGAATATTTCAGTTGGATTTATACGCTTCTAAGCGTAGGAAAGGGCTTTTAATCGATAATTTTCTACCTAAAATTATT
AGAAATCTTIGTCTTCTCTGATAAGAAATACTATACGATCGTAACAATACATTCAATATGGTGGTTCCCAAAAGGGGGTTTTGG
GGGTTTTTGGGGGTTTITTGGGGG

14



[Supplementary material is included following the article.]
Supporting Figure S10. Nucleotide and amino acid sequences of ep22. Initiator AUG codon is shown in
green; and Sec-encoding UGA and stop UAG codons are in bold and red. The SECIS element is shown in
blue and underlined. In the protein sequence, initiator (M) and Sec (U) residues are highlighted. Cysteine
(C) encoded by UGA codons are highlighted in red and by UGC in green.

CCCCAAAACCCCCAAAAACCCCCAAAAACCCCTACCTTAGACTAATAATATTGACATCAACCAAAATTATAAAATA GAA
E

TCAAGTGACGATAAGGTTGGCGTGCAGTCTATTCTAGTAGTCCTAGAAGGCCTGAATGATGATTCTTCCATCATCACAGGT
s s bbb KV CVQ s I LV VL EGULNDUD S S I I T G

CTAGAAATCTTAATAAAGCTGATTAAGAACATACTAAAGTCTCCTCATGAAGAGAAATTTAGAAACATTAAGAAGACTAACAAG
L E I L I K L I K N I L K S P H E EKVF R NI KK KT N K

GCTATTTCCACAAAGCTGTTGTCCCTCAGTGGAATCGAAGATTTGATCCTCGCCCTTGGTTACAAAGATGATAATGATGAGTTC
A I s T K L L S L S G I E D L I L A L G Y K D D ND E F

TATGTATTCGACATTGACAAGTACTCTGACCTCTACAAACTAAAGAGAGCTATCCAAGAGTTCCACGATGAGAAAAGAAAGAAG
Y v F D I D K Y 8 DL Y KL K R A I Q E F HDE KR K K

TACATGACTCCAGAAGAACTTGAGAAATTCGAAATCCTCCAAGAGCAGAAGAGAAAGTTCTACGAAGATAACAAGAAAAAGGCT
Yy M T P E E L E K F E I L Q E Q K R K F Y E D N K K K A

AAAGCTCGTAAAGATCTTGAGAATGGCATGAAGTTCGACCGTGAAGAGAAGAATCAAGAAGAAATCAAGTCTTCTAAGGCTAAT
K A R K DL ENGMIKVF DI REEI KNOQEETII K S S K AN

CACCTAAACTTTGGAGCTAATGTGGTTAAATTCCAACCACCAGCTCCAGCCTCTCGT-GGTTAGATGCCCTGCTCCGATGTC
H L N F G A NV YV K F Q P P A P A S R U G

CGGAGTGGGAATACCTTAAATCAAGGGAATCTGAGATTGGTTGAGAGAAATGGAGCCAATAGGCAATTATGATAATAGTTGAGC
AAACCTTTGAACTCATCTATTTGAACCCCATTATCTTTCCCTTCTAAATATTTCCTTATATGTATCTATATTTTGCTTGTAAAA
AGGGGTTTTGGGGTTTTGGGGTTTTGGGG
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[Supplementary material is included following the article.]
Supporting Figure S11. Nucleotide and amino acid sequences of glutathione peroxidase 1 (eGPx1).
Initiator AUG codon is shown in green; and Sec-encoding UGA and stop UAG codons are in bold and red.
UGA codons that correspond to Cys are shown in red. The sequence corresponding to the SECIS element is
underlined. In the protein sequence, initiator (M) and Sec (U) residues are highlighted. Cysteine (C)
encoded by UGA codons are highlighted in red, by UGC in green and by UGU in blue.

AAAATAAATATTGAGCAATTTTATTATAAATATAAAAAGTAACTTCACCTTTATAAGGAATTATGGGACAAGTCTTCTTCAAA
G Q V F F K

TCTAAGAAGGAGAAGCTAGCAACCACGGTGAAGTCACTCTTTGAAATATCCGCCAAGGATATTGACGGGCAGACTCACCTGCTA
S K K E K L A T TV K S L F E I s A KD I D GOQTHUL L

GCGGATCTAGCAGAAGGCCGTAAANEIACTATGGTCGTGAATGTAGCCTCAAAABEGGATTGACCAAGACTCACTACAAACAG
A DLAETG G RIEKTCTMVVNJVASZ KU UGTUILTTIE KTHTYKQ

ATGGTCAAGATTCACAATAAATACAGGGATCATGGATTTGAGATCTTTGCTTTCCCT@AACCAGTTCATGAGCCAAGAGCCA
M v K I H N K Y R DHGUPF E I F A F P CNOQUFMS Q E P

GGAACCCACGAACAGATCAAGAAATTTGCTCAGGAGAAGTATGGTGCTGAATTCCCACTCTTCTCTAAGGTAGACGTCAATGGC
G T H E Q I K K F A Q E K Y G A EF P L F S K VD V N G

CCTGACACTCATGAAGTGTTCAAGTTC@AGAAGACACTCACCATTGTATGATGCTGAGAAGGATGTCGTGCAGAATATCCCT
P D T HE V F K F C R RH S P L Y D AUEI KDV V Q NI P

TGGAACTTCGCTAAGTTTTTGATTGATAACAAAGGGACAAGTIJINBMGTAT TACACTCCCAAGCAGAACCCAGATCTCTGCGT
WNTJFAZKT FTULTIUDINTIEKTGTSCCVULHSIO QA AETPTZ RS LR

GCCAAAGATCGAAGAGATGCTTGGATTGTAACTCAGCAGATAAAATTTTAGAAATGGCTCGAGCTCAACTATGCTTATTGCCTT
A K DR RDAWTI VT Q Q I K F

AGGTGATACCTCATTTTGCTATAAAAACTTCAGGCGGTGAGGTTGAAAATAGGTGATGACATCTTTCGAGATCGCCATTTITATG
TTAAAATTTTATTAATATGGAAATCTTACGAAAATGATTTACCCATGGATATTICTTTGGGAAGGTATCCTCACCCATTTTATAT
GAGATTTGGGGGTTTTTGGGGGTTTTTGGGGGTTTTITGGGG
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[Supplementary material is included following the article.]
Supporting Figure S12. Nucleotide and amino acid sequences of glutathione peroxidase 2 (eGPx2).
Initiator AUG codon is shown in green; and Sec-encoding UGA and stop UAA codons are in bold and red.
UGA codons that correspond to Cys are shown in red. The sequence corresponding to the SECIS element is
underlined. In the protein sequence, initiator (M) and Sec (U) residues are highlighted. Cysteine (C)
encoded by TGA codons are highlighted in red, by UGU in blue and by UGC in green.

CCCCAAAAACCCCCAAAAACCCCCAAAAACCCCGTGGTATTTATGAAATATTGATCAGTTTGAATATATAATTAATAAAAACT
TCTTGCATAATT GGAGCTGCTCTCTTTAAAAAGCGGAAAGAGAAGCTAGAAACCACGGTGGAATCCCTGTTTGAGATA
G A A L CF K KU RIKEIKULETTV E S L F E I

TCTGCAGAAGATATTGATGGGCAGGAACACCTTCTAGCGGATCTCGCTAAAGACAAGAAG@ATAATGGTAGTTAATGTCGCC
s A E D I D GQ E HL L ADULAI KDI KI KT GCTIMV VNV A

TCGAAA-GGATTGACCAAGACTCACTATACACAGATGGTCAAGATTCACAACAAATATAAAGACAAGGGATTTGAAATCTTT
S K U G L T K T H Y TOQM YV K I HNI K Y KUDI KGUFE I F

GCTTTTCCT@AACCAGTTCTTGAGCCAAGAACCTGGATCAAATGAGGACATCAAGAAGTTTGCTAGAGAGAAATATGGAGCT
A F P C N Q F L S Q E P G S N E DI K K F A REIK Y G A

GAATTCCAATTATTTTCTAAGATCGATGTAAATGGGCCTAACACCCATGAAGTGTTCAGATTT@AGGAGACACTCTCCTCTC
E F Q L F s K I DV NG P N THE V F R F CURURH S P L

TATGATGATGAGACAGACACTATCCAAAACATCCCATGGAACTTTGCTAAGTTCCTAATTGATGAGGAGGGAAATGTTGTAAAT
Yy b D E TDTTI QNTI P WNUFAI KU FLIDEZESGNUV VN

TATTACTCTCCTAAATCAAATCCAGATGTT@GTTCCAATGATAGAGGAAATGCTTGGATTGTAATTCAGCCTGAATCAAGTC
Y ¥ s Pp K S N P DV CV P MTIEU EMMTLGL

TAAAATGACTAGAGCTTGATAATGCAAATGACCTAAAATGATACCCCATTTAGCTAAACTACTCAAAAGCAATGGGGTTGAAGA
AAGGTAGTGGCATTTAAAAGATCGTCATTTTAATTAAAAATTTCCCC
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[Supplementary material is included following the article.]
Supporting Figure S13. Multiple sequence alignment of thioredoxin reductase (TR) sequences. Sec
residues are highlighted in red and indicated with an asterisk. Sequences with the following accession
numbers were used to generate the alignment: AAN32903.1 (C. reinhardtii), NP_056577.2 (M. musculus),
XP_414371.1 (G. gallus), newV2.0.genewise.318.11.1 (T. pseudonana), NP_877419.1 (H. sapiens),
AAD39929.1 (H. sapiens), BAAT7601.2 (H. sapiens), NP_501085.2 (C. elegans), XM_001415547 (O.
lucimarinus), CR954199.1 (O. tauri).

H.sapiens TR1 I -
H.sapiens TR2 1 -
H.sapiens TR3 I - FSKSYCPHS—————————————————————
M.musculus l -
G.gallus 1 MPPPGQTQLPDWDGLKLRVRTLIATHRVMIFSKSYCPYCHRVRRRRGASLLLGPTQTLPF
C.elegans 1 —mmmm MKSLTELFGCFKRQPRQQEASSPANPHVSDTLS
C.reinhardtii I -
O.lucimarinus l ——
O.tauri l ——
T.pseudonana I -
eTR1 1l ———
eTR2 l ———
H.sapiens TR1 l ———
H.sapiens TR2 l ———
H.sapiens TR3 10 —————— T
M.musculus 1l
G.gallus 61 LPGRSRPLVRPPGEAGGSGLGSPRGRGARADPAGTAPCEWWAAICGVVSFPPVGAHSIEV
C.elegans 34 MGVAASGMPPPKRPAPAESPTLPGETLVDAPGIPLKEALKEAANSKIVIFYNSSDEEKQL
C.reinhardtii Il -
O.lucimarinus I -
O.tauri I -
T.pseudonana l -
eTR1 1
eTR2 ]
H.sapiens TR1 ] mmmm ENGPEDLP——
H.sapiens TR2 1 ——mmmmm MAAMAVALRGLG---GRFRWRTQAVAGG|RGAARGA——
H.sapiens TR3 11 —————————————uv RVKELFSSLGVECNVLELDQVDDGARVQEVLSEMTNQKTVPN T
M.musculus I - INGSKDPP——
G.gallus 121 MRGRSWVLGGFFIFQGRRVKELFSSLGVQYYALELDVTDDGPSIQQVLAEMTNQRTVPNV
C.elegans 94 VEFETYLN-———————— SLKEP-ADAEKPLEIPETKKLQVSRASQKVIQYIMTLHTSWPLM
C.reinhardtii 1l ———— e AAAGAPA--
O.lucimarinus 1l ———— e TETSC————
O.tauri 1l ——— SET——————
T.pseudonana l -
eTR1 Il - DYSDTPQ——
eTR2 l - KSNESEEY-

.sapiens TR1
.sapiens TR2
.sapiens TR3
.musculus
.gallus
.elegans
.reinhardtii
.lucimarinus
.tauri
.pseudonana

I e EEST
15 —m JRNRIA Y DYDLIFV T GGGSGGLABAK
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[Supplementary material is included following the article.]

.sapiens TR1
.sapiens TR2
.sapiens TR3
.musculus
.gallus
.elegans
.reinhardtii
.lucimarinus
.tauri
.pseudonana

.sapiens TR1
.sapiens TR2
.sapiens TR3
.musculus
.gallus
.elegans
.reinhardtii
.lucimarinus
.tauri
.pseudonana

.sapiens TR1
.sapiens TR2
.sapiens TR3
.musculus
.gallus
.elegans
.reinhardtii
.lucimarinus
.tauri
.pseudonana

.sapiens TR1
.sapiens TR2
.sapiens TR3
.musculus
.gallus
.elegans
.reinhardtii
.lucimarinus
.tauri
.pseudonana

.sapiens TR1
.sapiens TR2
.sapiens TR3
.musculus
.gallus
.elegans
.reinhardtii
.lucimarinus
.tauri
.pseudonana

eTR1
eTR2

37
63
111
37
241
197
40
38
36
28
41
47

93
119
167

93
297
253

96

94

92

85

97
106

139
165
213
139
343
300
142
139
137
145
142
151

198
225
272
198
402
359
201
198
196
203
201
210

257
284
331
257
461
417
260
257
255
262
260
270
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HVLDFVHPTPL
KViyvLDYvyPErE
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[Supplementary material is included following the article.]

JEONCE TSR A=Yl 0N AR NOI - <G K T P VDI~ O TNVPM T YA T GDIEL EKIEL TPVATQAGRLLASRTYACES
H.sapiens TR2 334 SPDTQRENLWDSRIMANS\YHINe:NTelnNG e - riofige TN 1Xei- 1T OltBacle
H.sapiens TR3 384 WDWEQTNVPN Y ARG DE L ERKIZE L. TPVA T ORI LARR L FCARE Sl 8D Y,
M.musculus 310

G.gallus 514

C.elegans 477 MYATGDVLEGHEELTPVATQACRULERREFEG
C.reinhardtii 309 OF 1. TPVATHACH

0.lucimarinus 307 O 1. TPVATINAGIERT MR R U F 2 anehaali
0.tauri 305 071 TPVA TINA G R RV 2 DRl
T.pseudonana 307 EQ TSP T vi§i T cDVMDCElEE L TP VA THIAGKMLERR L ACES

eTR1 NI 1< G KRR T VN T YA T GDVLEIGKIRE L TPIlA T QAGRLLABRLFAG

eTR2 NI B G K jahw Il O T VN T YA T GDVEEIGKIME L TPIA T OGKLLARRLEAG
H.sapiens TR1 368

H.sapiens TR2 392

H.sapiens TR3 442

G.gallus 572

M.musculus 368

C.elegans 534 %KYGDNIIYHFPLEYTI
C.reinhardtii 366 Ky GEDNTEVYRS YIRAP L EW T MNEiRas{eln=ly
O0.lucimarinus 366 |BI\g=sNavasENcIloRde T ilelVSyabarr A VASl T Nge 2 )N ial C N SRR I MALEN f N HE EHK G VPV
0.tauri YWD PTTVE TPLEYGIIGMSEEMANE YGADNVECYH

T.pseudonana 364 FGKENVEVYHEYFIPLEWSLS

eTR1 366

eTR2 376

JEONCET R AT ol 0 W OB C 12\ [T T C NEADINE R VVGF HULGPNAGEVTQGF AMANKOGE TKIN®L. DTG T HP|Y@A By F
H.sapiens TR2 444 QeNaUN'i(®1 REPPQL e s RN XInvaveleh:\l chidCle A <y A0V R N ehnzizliC SiHah
H.sapiens TR3 494 TeRARCHReNKrlHbRYeztife s\ Xenvavelea » [ iy Clel TsO 1 1885 jy:ehnzizhiC )z
M.musculus VX C Y1\ T T CNIBADINE RVYGFHVLGPNAGEVTQGF AAEK®GHT KO®T. DE TG T HPjeA FRir
G.gallus P2 C V< T T C NI DR vV GFHW L GPNAGEVTQGF AIARK@GE T K1 DETHG THP TARYF
C.elegans YshAl:iC v i< M T ClaWNEl RV GFHE L lPNAGEV TOGFBIAL K LANKINNG DRI G THP THA FIYF
C.reinhardtii 426 SV EITNTANNiNAYE Ay IRSISNENetal | T ole N a1 2 A~ D Fipfe|Cfilchizizhn /7 Naik
0.lucimarinus 426 ‘CYVKLITNLADDERVVGFHYLGPNAGEVTQGYAVAMKMGATKKDFDETVGIHPTgEEEF
O.tauri VXA < L TNIBADINE R VY GF HML GPNAGEV TQGYANAMKMGIT KIS DE TG T HP TVSEEF
T.pseudonana 417 QGECEANVYKATR-IyHe! 3y iReja\rNel foleygc Tl VitileC K kD T2y v(ehnzizhn T/Najai
eTR1 VSN C Y VK T YNINADNDR VI GF HELEPNAGEHTOCHARATKVGY T KIZOL. DNEVG I HP THAEE
eTR2 429 NCYVKVIINTT;

H.sapiens TR1 480

H.sapiens TR2 504

H.sapiens TR3 554

M.musculus 480

G.gallus 684

C.elegans 647

C.reinhardtii 486

O.lucimarinus 486

O.tauri 484

T.pseudonana 476

eTR1 479

eTR2 489 MDMKEDRIA TN~ PP VKD,
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[Supplementary material is included following the article.]
Supporting Figure S14. Multiple sequence alignment of glutathione peroxidase (GPx) sequences. Sec
is shown in red and indicated with an asterisk. The following sequences were used to generate the
alignment: NP_002076.2 (H. sapiens), XM_001011053.2 (T. thermophila), CR709346.2 (T. nigroviridis),
CT032433.1 (P. dumerilii), and ABK58679.1 (C. sinensis).

H.sapiens 1 MSLGRLCRLLKPALLCGALAAPGLAE—TMCASRDDWRCARSIHEFSAKDIDGH—M’N K]

T.nigroviridis I - MDWQSAKSIYEFSAEDIDGN— SIME]N

P.dumerilii 1 —————] MATSTDKNAYKKA®———————— S————- SIHE]

C.sinensis I - MRGIHLVRAACLGYTFVEPRLSMMAASPTEPANIRY HIFY:NNDNRIE 0 — i1 SIHOI

T.thermophila 1 - ME-SLLYKSVAKTE-———— VEKLTPKTNNF|WALERTsagsleN— L. RKIWSE

eGPx1 1 - MEAALCFKKRK————————— DIDGQ—EHL D

eGPx2 1 - ME-QVEFFKSKK————————— —THL®AD
*

H.sapiens

T.nigroviridis

P.dumerilii GLTRIMN YISO LOYNLHINAWNEKGLINT LAFPCNQEF GEJOEPGSIS

C.sinensis GLTIANYIROLGDT HINRIIE K GLIRT LAF PCNQE GINOE P sy

T.thermophila GLTERIEY TOLVEMNEN

eGPx1 GLTIaeNEY TOMVISTHIN

eGPx2

H.sapiens 117

T.nigroviridis 85

P.dumerilii 93

C.sinensis 109

T.thermophila 101

eGPxl1 99

eGPx2 98

H.sapiens 173

T.nigroviridis 141

P.dumerilii 148 QEQOPF|e28¢ NSTHPF——DFK -

C.sinensis 164 TKPQL——DE EE

T.thermophila 161 DETWYHSEMEIRKINNEK ——FEilEP -

eGPx1 159 E[EN NYYSPKSNPD——VCVP GL

eGPx2 158 KETSCUVLHSQAINZERSTLRAKDRRDAWINMTQOMKE
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[Supplementary material is included following the article.]
Supporting Figure S15. Multiple sequence alignment of selenoprotein ep22 sequences. Sec residues are
highlighted in red and indicated with an asterisk. Alignment was created using the following sequences:
XM_001455925.1 (P. tetraurelia), CT822387.1 (P. tetraurelia), XM_001633753.1 (N. vectensis), and
XM_001023471.2 (T. thermophila).

N.vectensis
T.thermophila QIRNE LI
P.tetraurelia SIVISN EBISSIA F' A DENRGIRBE NN T
E.crassus
N.vectensis
T.thermophila N TN PRERKF RETK T TN EROR L F S Qo T EE L R~ G F TR DN i 1 P D AR
P.tetraurelia NT INNPNERKFREE T KETEKA LA TR FNERE RO L= PDEE Y LN
E.crassus
N.vectensis 119
T.thermophila 99
P.tetraurelia 92
E.crassus 97
*
N.vectensis A D RIANRRKENNOIE < D S K AlH L O GEleMKINF £ DI GVD LisleClee
T.thermophila 156 FaMaOBERIKI:VERIAE I ORE e A TigKsaeiiznlRy - - R
P.tetraurelia 149 MEEOME-S)HVIERSIIENN DiReIeRN <\ T CIH i (ehiN KN
E.crassus IR D Rj - RENO T <Bs < ANHLEF GAN VA D AR AS
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[Supplementary material is included following the article.]

Supporting Figure S16. Multiple sequence alignment of SelW sequences. Sec residues are highlighted in
red and indicated with an asterisk. Sequences with the following accession numbers were used to generate
the alignment: NP_003000.1 (H. sapiens), NP_033182.1 (M. musculus), AAO86696.1 (D. rerio),
NP_919398.1 (D. rerio), NP_919399.3 (D. rerio), BU654801.1 (C. reinhardtii), BP092691.1 (C.
reinhardtii).

.sapiens
.musculus
.rerio W1
.rerio W2a
.rerio W2b
.reinhardtii W1
.reinhardtii W2

.sapiens
.musculus
.rerio W1
.rerio W2b
.rerio W2a
.reinhardtii W1l
.reinhardtii W2

eSelWl
eSelW2
eSelwW3

1 Ry RV Y CGR

1 IRV Y CGA

1 VEVMYCGG

1 QY elele

1 K01 Epdefe).

1 OVEVEYCGG

1

1 FE&DSSL
1 QEAVENRIEG-DF SEDLKADVG

1 OFEMEK IGE - KA I FKKDLK
54 ————- ‘AIKEA AQG-——————————
54 ————- AAWMAQCQ-—————————
54 ————- TRBEQANGK ————————————
51 ————- KK DEKP-EKITRNRKECI IL
51 ORYDEQOPVEK I TKSQPPCVIL
56 —————[(eEINEINNNEGEHYPNOEK\YHRIFEFAKMGEARAK - ——————————~—
57 —————(@CIMUESI- K&MORP Y AP - —————~ESWSE-——————————— CT—-

51 KKTGKSQOIRERINNNEDEMYIKGT - DEREKNOKFCSS————————————
59 GDDTEHSAEERIND KEOCIMYK D SN —\B/S\AED S ‘L!E —————————————
51 OKTGE SlenviS)eNece KEEN—F EFKEKPTEFCSS————————————
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Supporting Figure S17. Phylogenetic tree of Sec, Cys and Ser tRNA sequences. Ser tRNAs are shown in
green, Cys tRNAs in blue, Sec tRNAs and Euplotes Cys tRNA containing UCA anticodon in red. Euplotes

tRNAs are underlined. Representative tRNA sequences were used to evaluate the origin of the Euplotes Cys
tRNA containing the UCA anticodon.

H.sapiens (AGA) )

G.gallus (AGA)
D.rerio (AGA)

D.melanogaster (AGA)| <
A.thaliana (AGA) =
H.sapiens (UGA) > *:
G.gallus (UGA) $
D.melanogaster (UGA)

D.melanogaster (GUC)
| H.sapiens (GUC)
G.gallus (GUC) J

O.trifallax (UCA) N
_l_L: Ptetraurelia (UCA)
T.thermophila (UCA)

<

—— E.crassus (UCA) %

5 _E G.gallus (UCA) > o
D.rerio (UCA) &)

H.sapiens (UCA) @

D.melanogaster (UCA) Y

E.crassus (UCA) \
_|: E.crassus (GCA)
P.infestans (GCA)
D.rerio (GCA)
H.sapiens (GCA)
G.gallus (GCA)
D.melanogaster (GCA)
P.berghei (GCA) >
P.marinus (GCA)
A.thaliana (GCA)
R.raphanistrum (GCA)
N.rustica (GCA)
E.aedictulatus (GCA)

E.octocarinatus (GCA) 0.1
P.infestans (GCA) ] —

Cys tRNA
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[Supplementary material is included following the article.]

Supporting Figure S18. Schematic representation of eTR1 mRNA. The positions of Sec and Cys UGA
codons are shown in red, Cys UGU codons in blue and a Cys UGC codon in green. One tryptic peptide
containing two UGA-encoded Cys codons and identified by MS/MS is shown below in bold (the
corresponding nucleotide sequence is shown on light blue background). Also, see Fig. S20-S22.

eTR1 ORF

GTKWKVGGTCVNVGCIPKKLM
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[Supplementary material is included following the article.]
Supporting Figure S19. Organization of the chromosome containing the ep22 selenoprotein gene.
Telomeres are indicated in green with their sequences shown below the chromosome, SECIS element in red
and the ORF in blue. Location of the initiator (Met) codon is shown by a green line, and Sec and stop
codons by red lines.

&
o§$ 576 bp
&

..GGGGTTTTGGGGTTTTGGGGTTTTGGGG
CCCCAAAACCCCCAAAAACCCCCAAAAACCCC... 100bp
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[Supplementary material is included following the article.]

Supporting Figure S20. LC-MS/MS data and the spectrum of the ''VGGTCVNVGCIPK' peptide from
eTR1. The protein was alkylated with iodoacetamide to protect Cys residues. Detected b and y ions are

shown in the table.

b;1 ;1
1004 787.4 7874
957 B Y
E 1 v 100.08 - 13
905 by 2 G 157.10 1261.56 12
857 574.3 5743 3 6 214.12 1204.54 11
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WE 5 C 475.18 1046.47 9
3 6 V 574.24 886.46 8
70 7 N 688.29 787.39 7
651 8 Vv 787.36 673.35 6
2 60l 9 @G 844 .38 574.28 5
e 10 C 1004.39 517.26 4
g 555 11 I 1117.47 357.25 3
£ 503 12 P 1214.52 244.17 2
£ 450 13 K - 147.11 1
© 3
& 403 Ye
35? . 672.9
30 Yauz b’ bs'
E 4750 844.3 "
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[Supplementary material is included following the article.]

Supporting Figure S21. LC-MS/MS data and spectrum of the '"'VALECAGF'' peptide from eTR1. The
protein was alkylated with iodoacetamide to protect Cys residues. Detected b and y ions are shown in the

table.

Relative Abundance

b3
10% b: 701.2
053 644.2
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[Supplementary material is included following the article.]
Supporting Figure S22.Peptide sequences identified in E. crassus selenoproteins by LC-MS/MS.
The peptides detected by mass-spectrometry are shown in red. In the protein sequence, the initiator (M) and
Sec (U) amino acid residues are highlighted in green and blue, respectively. Cysteines (C) encoded by UGA
and detected by LC-MS/MS are underlined.

eTR1
MDYSDTPQEESTHSYDYDLFVIGGGSGGLACAKVAQEAGAKVAVADFVKPTPKGTKWKVGGTEVNVGEIPKK
LMHYSALLGNSYHDQVESGWEHEKPSHDWGKMITNVNNHIRGINFGYKADMRKRGIKFHEKFASEVDPHTVQ
LVDKKGKTEMITSNYFVIATGGRPLYPDIPGAKEHAITSDDIFWMKDNPGKTLVVGASYVALEEAGFLHHFG
NEVSVCVRSIFLRGFDQDMAQKIAKDMELSGINFIRDSMPTKIEKGEETGKLTEFLTVGGEETTVEVDTVLF
AIGRYAVTADLNLGNAGLIAEKNGKFITDKYQKTNVDNIYAIGDVLHGKLELTPTAIQAGRLLADRLFAGGT
TTMDFYDVPTTIFTPLEYGCVGYSEEDAREEYGDFIKVYHTYFQPLEWNFAKSIYKERNCYVKIIVNTADND
RVIGFHILCPNAGEITQGIAIAIKVGVTKPQLDNCVGIHPTIAEEMTNLHIDKADNPDPIKSDCUS

eGR
MKKKIFDYLVIGGGSGGIASANRAAKHGTKVGIIECQALGGTCVNVGCVPKKIVMENAASFLENRELYEGYG
LSAASELKLDFPTLKKNRDAYIEWLNGIYGGMIANNSMTLIKGWAKFVDNHTVEVDGKDRYTADHILIAVGS
RPDKGGFEGDEYCIDSDGFFALEDLPKKVIVYGGGYIGTELGQILHALGTKVIQVVRSEILRIADDDIREQL
YKLMDLSGYEYRKKTTIVKVEKTDSGLRVHLSDGTIEEDVDECIVATGRPANVEGLGLENTDIELTKKGHIK
VDEFNVTTVPNVYAVGDVTGAAELTPVAIKTGRTLVERLEFNNRPDLRMDHDLIPTVIFSHPPIGMIG

eSelW?2
MDSTTKGHIVVNYCGGUGYLPKARYVQEAVENRFPGDFSFDLKADVGKTGRLEVTVEFVGDDTEGKLVHSKDK
GQGFVKDSNVDSVLDSIAALLE
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Supporting Figure S23. Sec and Cys insertion in eTR1. (A) Expression of GFP-eTR1 in HEK 293 cells.
Cells were transfected with pEGFP-C3 (control), a pPEGFP-eTR1 construct containing a single UGA codon
at the natural Sec position 497 (pEGFP-497) or constructs that had a single UGA at unnatural position 496
(pEGFP-496) or no UGA at all wherein the UGA Sec codon was replaced with UGC at position 497
(pEGFP-U497C). (B) Western blotting of samples shown in A with anti-GFP antibodies. Arrows show the
positions of GFP and full-size GFP-eTR1. Molecular masses of protein standards (in kDa) are shown on the

left.
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[Supplementary material is included following the article.]

Supporting Figure S24. Model of Cys or Sec insertion at defined positions in eTR1. SECIS element (shown in
red) is unavailable for Sec insertion upstream of position 470 leading to Cys insertion. Translating ribosome changes
mRNA structure such that SECIS can now support Sec insertion.
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