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ABSTRACT

Selenocysteine (Sec) is inserted into proteins by re-
coding a UGA stop codon followed by a selenocys-
teine insertion sequence (SECIS). UGA recoding by
the Sec machinery is believed to be very inefficient
owing to RF2-mediated termination at UGA. Here we
show that recoding efficiency in vivo is 30-40% in-
dependently of the cell growth rate. Efficient recod-
ing requires sufficient selenium concentrations in
the medium. RF2 is an unexpectedly poor competi-
tor of Sec. We recapitulate the major characteristics
of SECIS-dependent UGA recoding in vitro using a
fragment of fdhF-mRNA encoding a natural bacterial
selenoprotein. Only 40% of actively translating ribo-
somes that reach the UGA codon insert Sec, even
in the absence of RF2, suggesting that the capac-
ity to insert Sec into proteins is inherently limited.
RF2 does not compete with the Sec incorporation
machinery; rather, it terminates translation on those
ribosomes that failed to incorporate Sec. The data
suggest a model in which early recruitment of Sec-
tRNASec—SelB—-GTP to the SECIS blocks the access
of RF2 to the stop codon, thereby prioritizing recod-
ing over termination at Sec-dedicated stop codons.

INTRODUCTION

Selenocysteine (Sec) is the 21st genetically encoded amino
acid that is incorporated into proteins during protein syn-
thesis on the ribosome (1,2). Selenoproteins are found in
bacteria, archaea and many eukaryotes (3—7). Sec is struc-
turally similar to cysteine (Cys), with a selenium atom at
the place of the sulfur, forming a selenol group. The higher
chemical reactivity of Sec compared to Cys (8) explains why
Sec is mostly found at the active center of enzymes that
catalyze oxidation-reduction reactions (9,10). Unlike the 20
standard amino acids which are encoded by their specific
sense codons, Sec is encoded by a stop codon, UGA, which
normally serves as a signal for the termination of protein
synthesis. In bacteria, the specific incorporation of Sec into

proteins requires a selenocysteine insertion sequence (SE-
CIS) in the mRNA, a stem-loop structure located imme-
diately downstream of the in-frame UGA codon at which
Sec is incorporated (11). Sec delivery to the ribosome re-
quires Sec-specific tRNAS® and proteins SelA, SelD and
SelB. tRNAS is first aminoacylated with serine by seryl-
tRNA synthetase (SerRS) (12) and then converted to Sec-
tRNAS® by Sec synthase (SelA) using selenophosphate as
the selenium donor (13). Selenophosphate is produced from
selenide by selenophosphate synthase SelD at the cost of
ATP (14). Sec-tRNAS® is delivered to the ribosome by the
specialized elongation factor SelB, a GTP-binding protein
that belongs to the family of translational GTPases (other
family members are elongation factors Tu and G, initiation
factor 2, release factor 3 and their eukaryotic homologs)
and is evolutionary closely related to translation initiation
factor 2 (elF2vy) (15). Sequence comparisons and a homol-
ogy model of SelB based on the structure of EF-Tu, the gen-
eral aminoacyl-tRNA delivery factor, suggested that SelB
consists of four domains (16). The N-terminal domains 1,
2 and 3 are similar to the corresponding domains of EF-Tu
(17). They provide the binding site for GTP/GDP (domain
1) and Sec-tRNAS®, The C-terminal domain 4 of SelB does
not show any sequence or structural similarity to the known
translational factors; domain 4 recognizes the SECIS (18).
The affinity of SeIB-GTP for Sec-tRNAS® is very high,
with a Ky in the picomolar range (19). SelB binding to the
SECIS is rapid (koy = 103 M~! s7!) and tight (Ky in the
nanomolar range (20)). These high affinities suggest that
in the cell the Sec-tRNAS*_SelB-GTP complex binds to
the SECIS before it enters the ribosome, thereby facilitat-
ing the recruitment of Sec-tRNAS* to the UGA codon pre-
ceding the SECIS. Nevertheless, the efficiency of UGA re-
coding into Sec by Sec-tRNAS*_SelB-GTP in Escherichia
coli 1s believed to be very low, ~5% (21), at least when the
cells are rapidly growing in rich media (22). Sec incorpora-
tion remained low, ~10%, when the individual components
of the Sec-insertion machinery (SelB, tRNAS and SelA)
were overexpressed (21). However, in other reports, the es-
timated Sec insertion efficiency was higher, ~25% in rich
medium, and reached ~60% at conditions of slow growth
(22). Overexpression of release factor 2 (RF2), which nor-
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mally reads the UGA codon and promotes translation ter-
mination, only moderately (<2 times) decreased the Sec in-
corporation efficiency, which was interpreted in terms of di-
rect competition of the Sec-tRNAS*_SelB-GTP complex
and RF?2 for binding to the UGA codon (22).

The reasons for the low Sec insertion efficiency and the
presumed growth-dependent variations are not clear. Ge-
netic analysis indicated that the low efficiency is caused by
termination at the UGA codon rather than by the pres-
ence of a (stable) SECIS hairpin structure or the compe-
tition of the bulk of EF-Tu ternary complexes with SelB—
GTP-Sec-tRNAS® (21,22). Potentially, RF2 can compete
with Sec-tRNAS® for binding to a UGA codon, resulting
in premature termination on a fraction of ribosomes. As
the cell growth rate decreases, the production of the overall
number of RF2 molecules in the cell is reduced (although
apparently not their free concentration) (23) and, at slow
cell growth, the selection rate of Sec-tRNAS® may exceed
the RF2 selection rate (22), whereas the concentration of
SelB remains constant (24). It remains unclear how this pre-
sumed ‘dynamic competition’ should work if the concentra-
tion of RF2 does not change with the growth rate. The dis-
crepancies in the estimations for the Sec insertion efficiency
and the lack of a conclusive model for the competition be-
tween RF2 and Sec-tRNAS at the UGA codon prompted
us to re-visit the competition model in vivo using a dual-
luciferase reporter assay and in vitro using a fully recon-
stituted translation system synthesizing a fragment of the
bacterial selenoprotein formate dehydrogenase H (FdhH,
product of the fdhF gene). The results provide an insight
into the cellular strategies to achieve efficient reassignment
of the stop codon and minimize premature termination by
release factors.

MATERIALS AND METHODS
Buffers and reagents

The experiments were carried out in buffer A (50 mM Tris-
HCI, pH 7.5, 70 mM NH4Cl, 30 mM KCI, 3.5 mM MgCl,, 8
mM putrescine, 10 mM DTT) at 37°C. Chemicals were from
Roche Molecular Biochemicals, Sigma Aldrich or Merck.
Radioactive compounds were from Hartmann Analytics.

Vectors

Vectors used for in vivo experiments contained Fluc and
Rluc genes amplified by polymerase chain reaction (PCR)
from vectors pGEM-luc and pRL (Promega), respectively,
and ligated into pET24a(+) (Novagen) (25). A fragment
of the E. coli fdhF gene coding for amino acids 130-179
(Secy49) was inserted between the two luciferase genes (Fig-
ure 1A). All other constructs were generated by introduc-
ing point mutations or deletions using PCR. For RF2 com-
petition experiments, the E. coli prfb gene coding for RF2
was cloned into pETcoco-1 (Novagen), a C-terminal His-
tag was added and O-reading frame ensured by deletion of
a T at the native +1 frameshifting site to increase expres-
sion (Figure 3A). The RF2 APA construct was generated
by PCR.
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Expression of Fluc—FdhF—Rluc fusion proteins

Initial experiments (Figure 1) were carried out in LB
medium containing kanamycin (30 pg/ml) and no added
selenium source. All other expression experiments were
done in TPG medium (1% tryptone, 100 mM potassium
phosphate, pH 6.5, 0.5% glycerol, | mM MgSQOy, 0.1 mM
CaClz, 04 p.,M H3BO3, 30 nM COClz, 10 nM CuSO4,
10 nM ZnSOy4, 80 nM MnCl,, 10 wM FeCl; and 50 pM
Na,Se03), if not stated otherwise. Dual-luciferase con-
structs were transformed into E. coli Tuner (DE3) cells (No-
vagen), cultures were inoculated from single colonies, and
grown at 37°C until ODygg reached 0.5-0.7 (Figures 1 and
2A) or for growth-phase experiments until ODgg reached
0.5-0.7 (initial-log phase), 2-2.5 (mid-log phase) and 5-6
(stationary phase) (Figure 2B). Expression was induced by
the addition of IPTG (1 mM) and growth continued for 30
min. Cells were harvested and stored at —80°C.

For RF2 co-expression experiments (Figure 3), dual re-
porter plasmids and RF2 coding pETcoco-1 plasmids were
co-transformed into E. coli Tuner (DE3), cultures were in-
oculated from single colonies, and grown in TPG medium
supplemented with kanamycin (30 pwg/ml) and chloram-
phenicol (25 pg/ml) at 37°C. To maintain the single-copy
(SC) state of the pETcoco-1 constructs, the medium con-
tained glucose (0.2%); to induce the multi-copy (MC) state,
L-arabinose (0.01%) was added. Cells were grown up to
ODgpp = 0.5-0.7, expression was induced by IPTG (1 mM)
and cells were further grown for 30 min, harvested and
stored at -80°C.

Western blotting

0.5 ODgy of cell extracts were boiled in SDS sample buffer
and samples were separated on 12% SDS polyacrylamide
gel. Membranes were blocked in 1 x PBS containing 20%
skim milk powder and 0.1% Tween 20 overnight at 4°C.
To detect Fluc, membranes were incubated with a goat pri-
mary anti-luciferase antibody pAb IgG (Promega) (1:1000)
for 2 h at room temperature, washed three times with 1
x PBS containing 0.1% Tween 20 (1 x PBST), and then
for 45 min at room temperature with secondary antibody
Anti-Goat HRP (1:10 000). Same membranes were stripped
by washing three times with 1 x PBST and used to detect
Rluc using mouse primary antibody anti-Rluc 1gG (1:10
000) (Millipore). After incubation for 2 h at room temper-
ature and washing three times with 1 x PBST, membranes
were incubated for 1 h with secondary antibody anti-mouse
IgG (1:5000) (Jackson ImmunoResearch) raised in goat.
For detection of RF2-His-tag, antibodies against-His-tag
were used to visualize the protein on the same membrane
as Fluc and Rluc (Figure 3B). The antigen—antibody com-
plexes were detected using Super Signal West Pico Chemi-
luminescence Substrate (Pierce). Membranes were exposed
to high performance chemiluminescence film (GE Health-
care) for 10 s and films were developed using standard pro-
cedures. Western blot band intensities were quantified using
MultiGauge software (Fujifilm).
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Figure 1. Experimental system to investigate UGA recoding by Sec. (A) Constructs for dual-luciferase reporter assay. A fragment of the fdhF gene was
inserted between firefly (fluc) and renilla (r/uc) luciferase genes. The fragment of the wild-type fdhF gene codes for amino acids 130-179 including a UGA
codon at position 140 followed by the SECIS. Test constructs: recoding segment containing both the stop codon and the SECIS (UGA+SECIS), or without
the SECIS element (UGA-SECIS), or with the UGA codon replaced with a UUC codon (coding for Phe) (UUC+SECIS). (B) Growth curves of E. coli
Tuner (DE3) cells transformed with test constructs. Protein expression was induced by IPTG addition. Times of protein expression induction (initial-log
phase) and harvest are indicated. (C) Expression of the Fluc-FdhF (62 kDa) and Fluc-FdhF-Rluc (98 kDa) proteins was visualized by western blot
analysis using antibodies against Fluc (upper panel) or Rluc (lower panel). Fluc—FdhF-Rluc is synthesized as a result of UGA or UUC read-through.

Luciferase activity measurements

Cells were resuspended in lysis buffer (10 mM Tris-HCI,
pH 8.0, 1 mM EDTA, 5 mg/ml lysozyme, 70 wl of lysis
buffer per ODgo unit) and lysed on ice for 10 min and then
incubated for 15 min at 37°C. Cell debris was removed
by centrifugation for 5 min at 10 000 g. Fluc and Rluc
activities were measured separately in a luminometer
(Sirius Single, Berthold) with a delay time of 2 s and an
integration time of 5 s. To measure Fluc activity, 5 pl
of supernatant was mixed with 100 pl of Beetle Juice
(PJK GmbH) at room temperature. Rluc activity was
measured by mixing 5 pl of cell extract with 100 wl of
Renilla Glow Juice (PJK GmbH) at room temperature.
Setting the ratio of Rluc and Fluc for the construct

containing a UUC codon and the SECIS (control) as
100%, recoding efficiencies were calculated as following:
((Rluc(test)/Fluc(test))/((Rluc(control)/Fluc(control))  x
100%.

In vitro transcription and purification of model fdhF mRNAs

The short model mRNA (mLP75s) construct was described
previously (26) (Supplementary Figure S2A). The model
mRNA comprising a fragment of fdhF gene (amino amino
acids 130-156) was custom synthesized and inserted into
the in vitro transcription vector pBluescript 11 SK (+) (Eu-
rofins). In vitro transcription reactions were performed and
mRNAs purified as described (26).
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Figure 2. Dependence of UGA read-through on selenium source concentration and cell growth conditions. (A) Increase in UGA read-through with sele-
nium supply. Cells were grown in TPG medium supplemented with different concentrations of Na,;SeO; as indicated. The efficiency of Sec incorporation
was measured by comparing the luciferase activity ratios of Rluc/Fluc in constructs containing the UGA and UUC codons preceding the SECIS (Materi-
als and Methods). (B) Growth curves of E. coli Tuner (DE3) cells transformed with test constructs in TPG medium containing 50 wM Na;SeOs;. Protein
expression was induced by IPTG addition. Times of protein expression induction are indicated (arrows). (C) Fluc activity at different growth rates as an
indicator for protein expression given in relative luciferase units per min (RLU/s). (D) UGA-recoding efficiency at different growth rates calculated as in

A.

Ribosomes, tRNAs and translation factors

Ribosomes, translation factors and tRNAs were from E.
coli. Ribosomes from E. coli MRE 600, fMet-tRNAMet,
fPH]Met-tRNAMet [14C]Phe-tRNAP, EF-Tu, EF-G, ini-
tiation factors and [*H]Sec-tRNAS were prepared as de-
scribed (19,27-31). Total tRNA from E. coli MRE 600 was
purchased from Roche Diagnostics. Plasmids coding for E.
coli SelA and SelD were from M. Wahl (Free University of
Berlin). The plasmid coding for E. coli SelB, SelC, (32) was
a kind gift from A. Bock (Ludwig Maximilian University,
Munich). SelA was purified as described (33). 6-His-tagged
SelD and SerRS were purified on Ni-NTA agarose (Qia-
gen) according to the manufacturer’s protocol. RF2 was
prepared as described (34). Sec-tRNAS was prepared and
purified as described (19). Aminoacylation of total tRNA
from E. coli MREG600 (Roche) was carried out using amino
acids Thr, Asn Cys, Asp, Ala, Arg and Val (0.3 mM each),
S100 (6%) and ATP (3 mM) in buffer A at 37°C for 30
min. Where necessary, non-labeled Val was replaced with
['*C]Val (25 uM). Aa-tRNA was purified by phenol extrac-
tion and ethanol precipitation and purified by fast protein
liquid chromatography (FPLC) on a MonoQ column (5 x
50 mm, GE healthcare) according to the standard protocol
(35).

Expression and purification of SelB

The plasmid harboring SelB was transformed into BL21
(DE3) cells. SelB expression and purification were opti-
mized compared to the earlier published protocol (20) to
obtain higher purity and full activity of SelB in the forma-
tion of the Sec-tRNAS*—SelB-GTP complex. SelB was ex-
pressed in LB medium containing ampicillin (100 pg/ml) at
25°C when ODgg reaches 0.6-0.7 with the 0.1 mM IPTG.
Induction was continued for 6 h at 25°C. Cell pellets were
resuspended in buffer C (50 mM Tris-HCI, pH 8.0, 500 mM
KCl, 10 mM MgCl,, 5 mM 2-mercaptoethanol, 0.1 mg/ml
PMSEF, 7% glycerol). Cells were opened by lysozyme treat-
ment. After centrifugation, supernatants were diluted 10-
fold to bring the KCI concentration to 50 mM and loaded
on to Q-Sepharose equilibrated with buffer C with 60 mM
KCI. SelB was eluted with a KCI gradient (60-250 mM)
and eluted at 150-200 mM KCI. After buffer exchange to
buffer D (50 mM K-HEPES pH 6.8, 100 mM KCI, 10 mM
MgClp, 5 mM 2-mercaptoethanol, 7% glycerol), SelB was
loaded onto SP-Sepharose equilibrated with buffer D. SelB
was eluted with a gradient of KCI (100-500 mM) and eluted
at 350450 mM KCI. SelB was re-buffered and stored in
buffer E (50 mM K-HEPES pH 7.5, 400 mM KCI, 5 mM
MgCl,, 5 mM 2-mercaptoethanol, 22% glycerol). Aliquots
were frozen in liquid nitrogen and stored at —80°C. The
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Figure 3. Effect of RF2 on Sec insertion in vivo. (A) Co-expression of Fluc—-FdhF-Rluc and RF2 constructs. prf(SPF) is a construct for 0-frame expression
of RF2 with the native stop-codon recognition motif (SPF). In the prf(APA) construct, the SPF motif is mutated to APA to produce RF2 that is inactive
in translation termination. (B) Example of a sodium dodecyl sulphate-polyacrylamide gel electrophoresis separation of the Fluc-FdhF-Rluc expression
products in the presence of RF2 (SPF or APA) obtained from a single-copy (SC) or multi-copy (MC) plasmids. Fluc-FdhF and Fluc-FdhF-Rluc products
were visualized by western blot analysis using an anti-Fluc antibody. The identity of the smaller peptides observed with the UUC+SECIS construct is not
known. The amounts of RF2 in the same samples were detected using an antibody against the His-tag of RF2 (see also Supplementary Figure S1). (C)
UGA recoding analysis from the western blot band intensity. Recoding was calculated as the ratio of the read-through band over the sum of the read-
through and truncated bands. Error bars represent SEM from two experiments. The extent of read-through obtained with the UUC+SECIS construct
defines 100% read-through efficiency. (D) Direct comparison of the read-through band intensities for all constructs. The band intensity for the product of
UUCHSECIS translation at the SC RF2 conditions was taken as 1. Error bars represent SEM from two independent experiments.



SelB concentration was determined by absorbance at 280
nm (6280 =81 080 M~! cm_l).

In vitro translation

Initiation complexes were prepared by incubating 70S ribo-
somes (1 wM) with a 10-fold excess of fdhFF mRNA, initia-
tion factors 1, 2 and 3 (1.5 uM each), fP H]Met-tR NA™et
(1.5 pM) and GTP (1 mM) in buffer B (50 mM Tris-HCI,
pH 7.5, 70 mM NH4CI, 30 mM KCI, 7 mM MgCl,, 1
mM DTT) for 1 h at 37°C. Initiation complexes were pu-
rified by centrifugation through 400 wl sucrose cushions
(1.1 M sucrose in buffer B) at 259 000 x g for 2 h (RC
M120 GX ultracentrifuge, Sorvall). Pellets were dissolved
in buffer B to a final concentration of 5 WM, stock frozen
in liquid nitrogen and stored at —80°C. To prepare the 70S—
fMet-Phe-tRNAP' complex, initiation was carried out us-
ing non-labeled fMet-tRNA™¢t a5 above (without purifica-
tion), then ['*CJPhe-tRNA (8 uM), EF-Tu (16 M), EF-G
(0.033 wM), GTP (1 mM), phosphoenol pyruvate (3 mM),
pyruvate kinase (0.1 mg/ml) were added and the mixture
incubated for 1 min at 37°C. The ribosome complex was
purified by centrifugation as described above.

To prepare aa-tRNA-EF-Tu-GTP complexes, EF-Tu
(120 pM) was incubated with pyruvate kinase (0.1 mg/ml),
phosphoenol pyruvate (3 mM) and GTP (1 mM) in buffer
A for 15 min at 37°C. Total aminoacyl-tRNA (60 wM) was
added and incubated for 1 min at 37°C. The concentrations
of EF-Tu and aminoacyl-tRNAs were optimized to reach
the maximum translation yield up to the UGA stop codon.
To prepare [’H]Sec-SelB-GTP, SelB (5 wM) was incubated
with DTT (10 mM) and GTP (3 mM) in buffer A for 5
min at 37°C. An equal amount of [?’H]Sec-tRNAS (5 uM)
was added and incubated for 5 min at room temperature.
In vitro translation was initiated by the addition of EF-G
(2 puM), EF-Tu and SelB ternary complexes in the presence
or absence of RF2 to the 70S—mLP75s—]> H]Met-tRNAMet
or 70S—fdhF-tMet-['*C]Phe-tRNAPP complexes. Transla-
tion was carried out at 37°C. If not stated otherwise, final
concentrations were: ribosomes (0.22 uM), [*'H]Sec—SelB—
GTP (1 pM), aa-tRNA-EF-Tu-GTP complexes (60 uM),
EF-G (4 wM), and RF?2 as indicated in the figure legends.
Translation was stopped by adding EDTA (250 mM), KCl
(600 mM) and iodoacetamide (25 mM), and samples were
incubated for 20 min at room temperature to alkylate Sec.
Then, tRNA was digested by incubation with Tris-base (100
mM, pH > 10) for 1 h at 37°C; samples were neutralized by
adding acetic acid. Translation products were analyzed by
HPLC on RP8 using an adapted gradient of 0-65% acetoni-
trile in 0.1% TFA. To analyze peptide release, two different
methods were used. When peptide release was studied with
the short model mRNA coding for fMet-Stop, the reactions
were stopped by the addition of cold 10% TCA, and the
amount of intact fH]Met-tRNA™¢t was determined by ni-
trocellulose filtration of the TCA precipitates (34). When
a long peptide product was analyzed after translation of
fdhF mRNA, translation was stopped and ribosome-bound
peptidyl-tRNA set free by treatment with sodium acetate
(50 mM) pH 4.5, KCI (500 mM), EDTA (2 mM), DTT (2
mM). The mixture was centrifuged at 259 000 x g for 20 min
at 4°C and the supernatant was diluted 10-fold with sodium
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acetate (50 mM) pH 4.5, MgCl, (1 mM), DTT (2 mM) to
bring the KCI concentration to ~50 mM and then applied
on a MonoQ column equilibrated by sodium acetate (50
mM) pH 4.5, MgCl, (1 mM), DTT (2 mM) buffer. Free
amino acids and peptides remained in the flow-through,
peptidyl- and aa-tRNAs were eluted by a buffer consisting
of sodium acetate (50 mM) pH 4.5, MgCl, (1 mM), DTT (2
mM), applying a gradient of 0—1.2 M KCL

RESULTS
Efficiency of UGA recoding in vivo

We determined the efficiency of UGA recoding by Sec in
vivo using a plasmid-encoded dual-luciferase Fluc/Rluc re-
porter assay following the validated approaches (25,36). A
fragment of the wild-type E. coli selenoprotein gene fdhF
was inserted between the genes for firefly (ffuc) and renilla
(rluc) luciferases (Figure 1A). The fdhF fragment encoded
amino acids 130-179, including the stop codon at posi-
tion 140 (UGA 149) followed by the SECIS (encoding amino
acids 141-153). Expression of Fluc was independent of Sec
insertion and was induced by the addition of IPTG. Trans-
lation of the fluc—fdhF-rluc mRNA required recoding of
UGA 49 by Sec-tRNAS®_ As a control for misreading of the
UGA codon, which would result from a Sec-independent
translation of rluc, we used a construct that lacked the SE-
CIS and thus should be impaired in SelB binding. The max-
imum level of Rluc synthesis was determined by the expres-
sion from the control plasmid containing a UUC codon
(which directs Phe insertion) in the place of UGA 4.

We first validated the assay by expressing Fluc and Rluc
in cells growing exponentially without an additional sele-
nium source (Figure 1B). Cells were grown at aerobic con-
ditions in LB medium at 37°C, induced by 1 mM IPTG at
initial-log phase (ODgpp ~0.6-0.7) and harvested 30 min af-
ter induction (Figure 1B). After opening the cells, expres-
sion of the Fluc-FdhF-Rluc fusion protein was measured.
Because our attempts to measure the ratio of luciferase ac-
tivities in these experiments were unsuccessful, owing to
low or irreproducible activity of Rluc when its synthesis re-
quired UGA read-through, we used western blotting with
anti-Fluc and -Rluc antibodies (Materials and Methods).
When no selenium was added to the medium there was
essentially no synthesis of Rluc from constructs contain-
ing the wild-type fdhF (UGA 149)+SECIS construct (Fig-
ure 1C), suggesting that read-through of UGA 4 was neg-
ligible. In contrast, when the UGA 49 codon was replaced
with UUC, Rluc was synthesized efficiently. This indicated
that in the absence of added selenium, the amount of Sec-
tRNAS® in the cell was insufficient for UGA recoding.

We then examined the effect of supplementing the
medium with Na,SeOs3 as a selenium source at initial-
log phase. Under these conditions, we could reliably mea-
sure both Fluc and Rluc activities and determine the read-
through efficiency from the ratio of Rluc/Fluc after read-
ing the UGA codon relative to the UUC control (Mate-
rials and Methods) (Figure 2A). At initial-log phase, Sec
insertion reached 30-35% with increasing selenium levels,
with half-saturation at K;,» = 6 wM. In comparison, UGA
read-through in the construct lacking the SECIS element
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was 5-10%. This relatively high level of apparent read-
though may represent the background of the dual-luciferase
reporter system, because it is essentially independent of
Na,SeO; concentration and because western blot analysis
shows negligible read-through in the absence of selenium
(Figure 1C). To compare the UGA recoding efficiency at
various phases of cell growth, i.c. initial-log, mid-log and
stationary phase, cells were grown in TPG medium con-
taining 50 wM Na,SeO; (Figure 2B). The Fluc activity de-
creased dramatically with increasing cell density, reflecting
the global shutdown of protein synthesis at the stationary
phase (Figure 2C). However, the extent of Sec insertion cor-
rected for the decreased total amount of protein was in-
dependent of the growth phase: the efficiency of SECIS-
directed UGA recoding was ~40% at any growth phase,
compared to ~5-8% of SECIS-independent read-through
(Figure 2D), where 100% corresponds to the decoding effi-
ciency of a sense codon UUC by Phe-tRNAP". In princi-
ple, the incomplete UGA read-through may either reflect
the inherent activity of the Sec-tRNAS*_SelB-GTP ma-
chinery in UGA decoding, or the competition with RF2 for
the stop codon, or interference by EF-Tu complexes with
aminoacyl-tRNA. The latter possibility was excluded (21);
furthermore, the observed low frequency of UGA misread-
ing in the absence of selenium also argues against the idea
that EF-Tu complexes can affect stop-codon reading (Fig-
ure 1C). In contrast, an inhibitory effect of RF2 on Sec in-
corporation is a widely accepted notion, which we sought
out to test in the following experiments.

Does translation termination compete with Sec insertion in
vivo?

To understand whether RF2 and Sec-tRNAS®-SelB-GTP
compete for UGA, we co-expressed various amounts of
RF2 with the Fluc-FdhF-Rluc fusion protein during the
initial-log growth phase (Figure 3A and B). Normally,
expression of wild-type RF2 requires programmed +1
frameshifting, which is feedback-regulated by the amount
of RF2 in the cell and is thus difficult to control. To over-
come this difficulty, we used an RF2 construct in which
the frameshifting site was removed and RF2 was expressed
from the O-reading frame of the mRNA; the plasmid-
encoded RF2 contained a 6xHis-tag for detection by anti-
His antibodies. The gene encoding for O-frame RF2 (prfB;
SPF denotes the wild-type stop-codon recognition motif)
was cloned into the pETcoco-1 vector, which allowed us to
increase the plasmid copy number from SC to MC by the
addition of L-arabinose (Materials and Methods). Quan-
tification of the RF2 expression using anti-6xHis-tag an-
tibodies showed that the expression at MC conditions re-
sulted in a 12-fold increase of the RF2 concentration com-
pared to SC conditions (Supplementary Figure S1); at these
conditions, the expression of the chromosomally encoded
RF2 is probably shut down by the excess of the plasmid-
encoded factor. To determine the read-through efficiency,
we used western blot analysis, because (i) they turned out
to yield more reproducible values with less background than
the dual-luciferase assay and (ii) the amounts of RF2 and
of the read-through product could be evaluated by the same
technique. When RF2 was expressed at SC conditions, the

efficiency of UGA recoding by Sec was ~30% (Figure 3C),
which is similar to Sec incorporation in the presence of en-
dogenous RF2 only (Figure 2D). At MC conditions, i.e.
upon a 12-fold increase of RF2 concentration, the efficiency
of UGA recoding decreased 2.5-fold. As a control, we used
RF2(APA) constructs with an altered stop-codon recogni-
tion motif (Figure 3A). In the presence of the mutant factor,
which was inactive in termination, the efficiency of UGA
recoding was also 30% at SC conditions and 25% at MC
conditions (Figure 3C). While the read-through efficiency
here was calculated as a ratio of the read-through product
(98 kDa) to the sum of the truncated (62 kDa) and read-
through products, we also compared the absolute intensities
of the full-length product bands at different conditions to
monitor potential unspecific effects of RF2 overexpression.
In fact, this comparison indicated that part of the RF2 effect
was unspecific: also when UGA was replaced by UUC, Rluc
expression was reduced by 1.9-fold, suggesting that RF2 ex-
pression interferes not only with Sec but also with the incor-
poration of standard amino acids (Figure 3D). Similarly,
the inactive RF2(APA) showed an unspecific 1.4-1.7-fold
inhibitory effect on Fluc-FdhH-Rluc expression suggest-
ing that protein overexpression per se can decrease the test
construct expression. In contrast, the 2.5-fold specific inhi-
bition of Sec insertion by RF2 (Figure 3C) seems quite little
for a 12-fold increase in RF2 concentration. Thus, although
the efficiency of UGA recoding by Sec is limited to ~30-
40% in vivo, it does not appear to correlate directly with the
amount of RF2 present in the cell, and thus the competition
between Sec-tRNAS*_SelB-GTP and RF2 cannot fully ac-
count for the efficiency of UGA recoding.

UGA recoding in vitro

To understand the interplay between the termination and
recoding machineries, we next sought to establish an in vitro
translation system that incorporated Sec in proteins with
the same efficiency as in vivo. We first used a simplified
model mRNA (26,37) in which the start codon, AUG, is
immediately followed by the UGA stop codon and the SE-
CIS (Supplementary Figure S2A). In the absence of RF2,
this model mRNA appears to direct GTP hydrolysis by SelB
and Sec incorporation to the same extent as fdhF mRNA
(37), and thus seemed a suitable model system to start with.
fPH]Met-tRNA places the AUG codon in the P site. Be-
cause the lower part of the SECIS must unwind to be ac-
commodated in the mRNA tunnel of the 30S subunit, we
expect that at this stage only the upper part of the SECIS
is still intact (Figure 4A). In the absence of Sec-tRNAS®—
SelB-GTP, RF2 promoted efficient termination in this sys-
tem even at rather low concentrations (Figure 4B). Upon
addition of [*H]Sec-tRNAS®*-SelB-GTP in the absence of
RF2, the fMet[*H]Sec dipeptide was formed on 40% of ri-
bosomes, indicating that this simplified system is compe-
tent in Sec recruitment (Figure 4C and D). However, when
RF2 was added, Sec insertion dropped from ~40 to 6%,
thus essentially abolishing UGA decoding by Sec-tRNAS®,
While these results show that RF2 could compete with Sec-
tRNASe_SelB-GTP in vitro, the extent of inhibition was in-
consistent with the high read-through efficiency observed in
vivo at moderate RF2 concentrations (Figures 2D and 3C).
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of fMet[*H]Sec to total [PH]Sec.

This prompted us to develop a more natural translation sys-
tem dedicated to the synthesis of the FdhH fragment, simi-
lar to that used in the in vivo experiments described above.
As a model mRNA, we used the fragment of fdhF gene
coding for amino acids 130-156 (Supplementary Figure
S2B) (Materials and Methods). We prepared 70S initiation
complexes using the purified fdhF-mRNA, fMet-tRNAMet
and initiation factors IF1, IF2, IF3. To determine the
amount of translationally active 70S ribosomes in the mix-
ture, we added to the 70S initiation complex the ternary
complex EF-Tu-GTP-['*C]Phe-tRNAP", EF-G and GTP,
purified the resulting post-translocation complex by su-
crose density centrifugation and quantified the number of
ribosomes carrying fMet-['*C]Phe-tRNAP" by nitrocellu-
lose filtration and radioactivity counting (38). Translation
was initiated by mixing the post-translocation complexes
with EF-Tu-GTP-aa-tRNA complex prepared with total
aminoacylated tRNA, and EF-G-GTP, in the absence or
presence of [*H]Sec-tRNAS*_SeIB-GTP and RF2 (Fig-
ure 5A). Sec insertion was analyzed by reversed phase
HPLC (RP-8) monitoring [*H]Sec (Figure 5B). The choice
of radio-labeling and purification strategies was dictated by

the necessities to quantify the ribosomes that were active
in initiation on one hand and to determine the amount of
Sec incorporated into peptides on the other hand. As ex-
pected, the amount of Sec-containing product, a 13 amino
acid-long peptide, fMet-['*C]Phe-Thr-Asn-Asn-Val-Asp-
Cys-Cys-Ala-Arg-Val-[’H]Sec, increased with time and
reached a maximum after 1 min (Figure 5C). About 35—
40% of the ribosomes incorporated [*H]Sec into peptides.
Strikingly, the addition of a large excess of RF2 (7 uM)
had essentially no effect on Sec insertion (Figure 5C). As
the cellular concentration of RF2 may vary between 3 and
12 wM (23), we measured Sec insertion at increasing con-
centrations of RF2; however, at any RF2 concentration, the
Sec insertion efficiency was >35% (Figure 5D).

To validate that RF2 can act on ribosome complexes with
the SECIS in a native context, we tested the ability of RF2 to
hydrolyze f[*H]Met-peptidyl-tRNAY2 bound to the P site
after translation of the fdhF mRNA in the absence of Sec-
tRNA-SelB-GTP (Supplementary Figure S3A) (Materials
and Methods). The HPLC retention time of the peptide
of the correct length was determined in experiments with
['*C]Val in addition to f*H]Met (data not shown). Because
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the peptide contains two Val residues, the ratio between
['*C]/[*H] in the peptide should be 2:1, which unambigu-
ously identified the peptide of correct length.

In the following experiments only the f[*H]Met label was
used, because the presence of excess ['*C]Val would inter-
fere with the following analysis of the peptides released by
RF2. The presence of RF2 did not affect the synthesis of
the peptide up to the stop codon (Supplementary Figure
S3B and C). To analyze the termination products with and
without RF2, we took the translation mixture and ana-
lyzed the ratio of f[>’H]Met in intact peptidyl-tRNA (be-
fore termination) and in released peptides (the products
of termination). Samples were treated with salt to release
peptidyl-tR NAs from ribosomes. Peptides (released sponta-
neously or by RF2-promoted termination) were separated
from peptidyl-tRNA on a MonoQ column. In the absence
of RF2, most of the peptide remained attached to the tRNA
(Supplementary Figure S3D). When RF2 was added, in-
creasing amounts of released peptides appeared with time
(Supplementary Figure S3E). Quantification of the ratio be-
tween released and total peptide indicated that RF2 was ca-
pable of releasing ~80% of the FdhH peptide after ~2 min
of translation, whereas in the absence of RF2 <20% was
released (Supplementary Figure S3F). These results show
that RF2 can terminate translation at a UGA codon in the
context of the fdhF mRNA when SelB and Sec-tRNA are
absent.

To compare the efficiencies of Sec insertion and RF2-
dependent termination side by side, we measured over-
all translation, [*H]Sec insertion and ['*C]-labeled nascent
peptide in the same sample. From the fraction of ['*C]Phe in
the polypeptide we calculated that ~75% of ribosomes en-
gaged in translation at any condition, regardless of the ad-
dition of Sec-tRNAS®_SelB-GTP or RF2. As expected, in
the absence of RF2, only a small portion (15%) of the ribo-
somes spontaneously released peptides (Figure SE, column
I). Upon addition of RF2, most of translated peptide was
released (column II). When Sec-tRNAS*-SelB-GTP was
added but no RF2, Sec was inserted on ~40% of the ribo-
somes, whereas peptide release remained at a level of ~15%,
the same as in the absence of RF2 (column IIT). When ad-
ditionally RF2 was present, the efficiency of Sec insertion
was the same as in the absence of RF2 (column IV), suggest-
ing that RF2 did not compete with Sec insertion. Termina-
tion efficiency was ~35%; given that the maximum termi-
nation efficiency was 80%, RF2 appears to terminate trans-
lation on those ribosomes that did not incorporate Sec. In
the presence of RF2 and SelB alone (without Sec-tRNAS®),
all ribosomes terminated translation at UGA and released
the peptide (column V), to the same extent as in the control
experiment where the peptide was released by the reaction
with puromycin (column VI). Thus, the results obtained in
a fully reconstituted in vitro translation system indicate that
RF?2 can efficiently bind to the UGA stop codon and pro-
mote termination when Sec-tRNAS®-SelB-GTP is absent.
However, in the presence of SelB, RF2 is capable of releas-
ing peptides only on those ribosomes that were unsuccessful
in incorporating Sec. Thus, RF2 turns out to be a very weak
(if at all) inhibitor of Sec insertion.
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DISCUSSION
Efficiency of Sec insertion in vivo

The present data show that the efficiency of selenoprotein
synthesis in vivo is much higher than is usually assumed. In
contrast to previous reports that suggested a very low re-
coding efficiency (~5%) (21), we obtain a robust yield of
Sec incorporation in the range of 30-40%. Visual analysis
of the published results of Mansell e al. also suggests that
UGA can be more efficiently recoded than usually assumed,
namely to ~25-60% (22). The most plausible reason for the
difference in the reported values is the low concentration of
selenium (1 pM) used in the earlier work, which appears
too low compared to the concentration required to reach
the maximum of Sec incorporation in our experiments (> 10
wM Na,SeOs). We note that such high selenium concen-
trations are probably not needed for the synthesis of the
endogenous bacterial selenoproteins; furthermore, the op-
timal concentration may depend on the reporter construct
used. For example, cells grown anaerobically in the presence
of 1 wM Na;SeO; produced sizeable amounts of FdhH (50
mg protein from 300 g cells) (39). An early report suggested
that saturation of UGA recoding in an fdhF-lacZ reporter
construct occurred already at 0.1 wM selenium (10). The
translation rates of native selenoproteins-coding mRNAs in
E. coli are relatively low (40); thus even small amounts of a
selenium source might be sufficient to produce full-length
selenoproteins. However, the reporter constructs used by us
and others are usually carried by mid-copy plasmids opti-
mized for high levels of mRNA and protein production. It is
possible that when the concentration of the respective mR-
NAs is high, the turnover of the Sec machinery may not be
sufficient to maintain the amounts of Sec-tRNAS®*_SelB—
GTP complex necessary to decode UGA on every mRNA,
resulting in premature termination and, as a consequence,
in an underestimation of the recoding efficiency. This obser-
vation is particularly important to take into account when
expressing designer proteins containing Sec. Our finding
that an excess of selenium source increases the incorpora-
tion efficiency, whereas the overexpression of tRNAS has
only little effect (21,22), suggests that the turnover may be
limited by an enzyme that has a low affinity for selenium,
e.g. by SelD which has a Ky, value for selenide of 46 puM
(41). Alternatively, because at selenite concentrations > 1
M selenium can be metabolized along the routes of sul-
fur metabolism (6), we cannot entirely exclude that the in-
creased Sec incorporation in our experiment is due to in-
direct effects; however, such an explanation seems unlikely
given that the effect is SECIS-dependent.

Earlier results obtained with luc—fdhF-lacZ reporter con-
structs suggested effects of the growth rate on Sec insertion
ranging from 25 to 60% in rapidly and slowly growing cells,
respectively (22). We were not able to reproduce this effect
with our dual-luciferase reporter construct. Rather, we ob-
served a very large effect of growth rate conditions on the
overall protein production. After correction for the altered
protein concentrations, the efficiency of Sec incorporation
reached ~40%, independent of growth rates. Also in this
case, the difference to the earlier results may be attributed
to different selenium concentrations, i.e. 50 WM (this paper)
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Figure 6. Model of SECIS-mediated Sec insertion versus RF2-dependent termination at UGA. Sec-tRNAS_SelB-GTP complex is rapidly recruited to
the SECIS while still distant from the ribosome. P and A, tRNA-binding sites of the ribosome; 30S and 508, ribosomal subunits. Step 1, during translation,
the ribosome moves toward the UGA codon, the lower part of the SECIS becomes unwound, and the Sec-tRNASec_Se|B-GTP complex, which is stabilized
by the interaction with the SECIS prevents RF2 from entering the A site. Step 2, after delivery of Sec-tRNAS® to the A site and Sec insertion into the
growing peptide, the ribosome can continue translation. Alternatively (step 3), if Sec delivery turns out unsuccessful, the A site becomes accessible for RF2

which promotes termination and peptide release.

versus 1 wM Na,;SeO; (22). At low selenium concentration,
the turnover capacity of the Sec machinery may control the
yield of UGA recoding: when the rate of translation is high,
Sec insertion may be limited, whereas at conditions of slow
growth the turnover capacity might be sufficient even when
the selenide concentration is low.

Recapitulating the Sec-dependent translation in vitro

Many unresolved questions in understanding Sec-
dependent recoding can possibly be answered by using
an in vitro system that recapitulates the efficiency of Sec
insertion in vivo. We used a translation system reconsti-
tuted from purified initiation and translation factors and a
fragment of the fdhFF mRNA coding for fMet, Phe and 10
amino acids from FdhH (amino acids 130-140), including
UGA at position 140 and the SECIS. We systematically
controlled the efficiency of initiation, elongation and Sec
incorporation steps. While the efficiencies of initiation and
elongation are high (~75-80%), only ~40% of actively
translating ribosomes that reach the UGA codon insert
Sec, even in the absence of RF2 and in the presence
of excess Sec-tRNAS®_SeIB-GTP complexes over the
ribosomes. The efficiency of UGA recoding by Sec in
vitro is in excellent agreement with the results obtained
in vivo. However, while the incomplete recoding in vivo
can be due to competition with RF2 or other effects, as
discussed below, the 40% Sec insertion efficiency in vitro
obtained with an excess of active Sec-tRNAS*—SelB-GTP
ternary complexes (19) strongly indicates that Sec-tRNAS®

delivery to the ribosome is inherently inefficient. Why some
translating ribosomes incorporate Sec and others do not is
currently unknown. UGA recoding by Sec is slow, leading
to a long pause at the stop codon (21,40). One potential
scenario is that half of the ribosomes lose the nascent
peptide (or peptidyl-tRNA) during pausing. However, our
analysis of translation, Sec insertion and RF2-mediated
release suggest that this is unlikely, because (i) there is
no spontaneous release of peptides, and (ii), when RF2
is added, the sum of Sec-containing peptide and peptide
released by RF2 add up to the total amount of translated
polypeptide, suggesting that all nascent chain complexes
are functionally active. A more likely explanation is that
Sec insertion is intrinsically inefficient owing to aggressive
proofreading, inefficient Sec-tRNAS® accommodation or
poor reactivity of Sec in the peptidyl transferase reaction.
Future detailed kinetic experiments will clarify why—in
contrast to other aminoacyl-tRNAs—the insertion of
Sec-tRNAS¢ is not 100% efficient.

Effect of RF2

Given that Sec insertion is intrinsically inefficient, the ques-
tion arises what the role of RF2 is. In vivo, a large (12-fold)
increase in RF2 concentration reduced specific UGA read-
through by only 2.5-fold. Similarly, a 3-5-fold RF2 over-
expression resulted in less than a 2-fold reduction of Sec
insertion (22). These effects are surprisingly small, partic-
ularly given that the concentration of Sec-tRNAS®*—SelB—
GTP in the cell is quite low (SelB 0.55 uM, tRNAS® 0.11



M), compared to that of RF2 (3—12 wM (23)). Thus, in vivo
Sec-tRNAS¢¢ is strongly preferred over RF2 when binding
to a UGA codon followed by a SECIS element; As we show
here, in comparison RF2 is a weak, if at all, competitor.

We note that many factors can modulate the ratio be-
tween Sec insertion and termination in vivo. Apart from the
inherent inefficiency of Sec delivery to the ribosome or the
potential competition with RF2, translation initiation may
have an (indirect) effect on recoding. An optimal mRNA
translation initiation region facilitates access of ribosomes
to the start codon and thus accelerate ribosome loading. As
a result, the distance between ribosomes translating fdhF
mRNA may not provide enough time for the SECIS to re-
fold between the passages of consecutive ribosomes. The in
vitro efficiency of initiation on the native translation ini-
tiation region of fdhF mRNA is low (40%, compared to
80% on an optimized sequence, data not shown). On the
other hand, profiling data indicate that ribosomes piled up
upstream of the UGA codon (40); thus, it is possible that
some ribosomes terminate at UGA, rather than incorporat-
ing Sec, because the SECIS did not refold after the passage
of the preceding ribosome. In this scenario, the residual ap-
parent effect of RF2 on Sec incorporation in vivo may re-
sult from the lacking SECIS, rather from the competition
between termination and Sec insertion. Finally, stalling at
a UGA codon with a SECIS at the mRNA entry to the
ribosome may elicit cellular quality control responses that
down-regulate translation, such as cleavage of the mRNA
and induction of the trans-translation process, by analogy
to the recently discovered regulatory effects of repetitive
palindromic sequences (42), thereby additionally reducing
the yield of Sec incorporation.

In vitro, when translating the longer fdhF mRNA, the ef-
ficiency of UGA recoding by Sec was ~40% and RF2 had
essentially no influence on Sec incorporation. Rather, RF2
had access to the UGA codon on the fraction of ribosomes
that did not bind Sec. This suggests that Sec insertion at the
UGA+SECIS sequence is strongly prioritized and escapes
the competition with RF2; however, if Sec insertion fails,
for instance due to slow accommodation and premature dis-
sociation of Sec-tRNAS® RF2 gets a chance to access the
stop codon and cause termination. In contrast to the long
mRNA construct, on the shorter model mRNA with the
coding sequence AUG UGA followed by the SECIS, Sec
insertion was abolished when RF2 was added, although in
the absence of RF2 the efficiency of Sec incorporation was
as high as on the longer mRNA construct. With the shorter
model construct, only the upper part of the stem loop is
available for SelB recruitment when UGA has reached the
decoding site, and the stop codon is accessible for either
the Sec-complex or RF2 interaction. In this situation, Sec-
tRNAS®_SelB-GTP or RF2 are in direct competition for
binding to the stop codon, and RF2 appears to be a much
better ligand for the UGA, diminishing Sec insertion.

At the onset of translation of the longer mRNA the ribo-
some occludes ~11 nt within the mRNA tunnel (43). Thus,
the SECIS element is located outside of the ribosome and is
accessible for the interaction with Sec-tRNAS®*-SelB-GTP
complex. SelB binds to the SECIS very rapidly (estimated
to1 pM x 108 M~ s~ =100 s~! for the concentration of
SelB used here and the reported association rate constant
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with the full-length SECIS (20), respectively). Such early
recruitment may occur when the full-length SECIS is still
distant from the ribosome (Figure 6). When the ribosome
arrives at the UGA, the SECIS-bound Sec-tRNAS®_SelB-
GTP may block the entrance of RF2 to the A site. In this
scenario, RF2 cannot compete with Sec-tRNAS, because
dissociation of Sec-tRNAS*_SelB-GTP from the SECIS is
slow (20). However, if the attempt to deliver Sec is unsuc-
cessful, the interaction with the SECIS may be lost, thereby
freeing the access for RF2. Alternatively, conformational
heterogeneity of translating ribosomes and the dynamics of
the SECIS may define the preference for Sec binding on one
fraction of ribosome complexes, whereas the other fraction
favors RF2. In summary, our data suggest that RF2 does
not act as a direct competitor of Sec, but rather terminates
translation on those ribosomes where one round of Sec in-
corporation turned out to be unsuccessful.
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