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Selenium is a constituent in Escherichia coli of the anaerobic enzyme formate dehydrogenase in the form of
selenocysteine. Selenium is also present in the tRNA of E. coli in the modified base 5-methylaminomethyl-2-
selenouracil (mnm5Se2U). The pathways of bacterial selenium metabolism are largely uncharacterized, and it
is unclear whether nonspecific reactions in the sulfur metabolic pathways may be involved. We demonstrated
that sulfur metabolic pathway mutants retak a wild-type pattern of selenium incorporation, indicating that
selenite (SeO32) is metabolized entirely via selenium-specific pathways. To investigate the function of
mnm5Se2U, we isolated a mutant which is unable to incorporate selenium into tRNA. This strain was obtained
by isolating mutants lacking formate dehydrogenase activity and then screening for the inability to metabolize
selenium. This phenotype is the result of a recessive mutation which appears to map in the general region of
21 min on the Salmonella typhimurium chromosome. A mutation in this gene, selA, thus has a pleiotropic effect
of eliminating selenium incorporation into both protein and tRNA. The selA mutant appears to be blocked in
a step of selenium metabolism after reduction, such as in the actual selenium insertion process. We showed that
the absence of selenium incorporation into suppressor tRNA reduces the efficiency of suppression of nonsense
codons in certain contexts and when wobble base pairing is required. Thus, one function of mnm5Se2U in tRNA
may be in codon-anticodon interactions.

Selenium is a specific constituent of certain macromol-
ecules in many microorganisms (33, 34, 36). In Escherichia
coli, the enzyme formate dehydrogenase (FDH) contains
selenium (15, 17). This enzyme exists in two different forms
(19). Anaerobic growth in the presence of nitrate results in
the induction of the nitrate reductase-linked form (FDHN),
which includes a 110-kilodalton selenium-containing subunit
(15). Growth in the absence of an exogenous electron
acceptor results in the induction of the hydrogenase-linked
form (FDHH), which includes an 80-kilodalton selenium-
containing subunit (15). The selenium appears to be incor-
porated in the form of selenocysteine, which serves as a
catalytically active redox center (36). These two forms of
FDH can be distinguished on the basis of their ability to
utilize artificial electron acceptors: FDHN is able to reduce
phenazine methosulfate but not benzyl viologen (BV),
whereas FDHH is able to reduce BV but not phenazine
methosulfate (15, 19).

Selenium is also incorporated into specific tRNA species
in E. coli (40, 42). Isoaccepting species of lysine and gluta-
mate tRNA contain selenium (40). The selenium is present in
tRNA in the modified base 5-methylaminomethyl-2-sele-
nouracil (mnm5Se2U) (40, 42). This incorporation is believed
to be specific for selenium due to the inability of vast
excesses of sulfur in the culture medium to have a major
effect on the selenium content of the tRNA (40). The sulfur
analog of the selenium base, mnm5S2U, is found in the first
(wobble) position of the anticodon of E. coli lysine, gluta-
mate, and glutamine tRNAs (18). The selenium base,
mnm5Se2U, is also apparently located in the anticodon,
indicating that these tRNAs exist as a mixed population, a
fraction of which contain mnm5S2U and the rest of which
contain mnm5Se2U (40, 41; W.-M. Ching, Fed. Proc.
42:2238, 1983). mnm5S2U has been reported to function in
influencing codon-anticodon interactions (21). It has also
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been shown that purified tRNAs containing either
mnm5Se2U or mnm5S2U have different abilities to recognize
codons in which wobble base pairing is required (12; A.
Wittwer and W.-M. Ching, Fed. Proc. 44:1798, 1985). The
function of tRNA base modification in position 1 of the
anticodon may thus be to fine-tune interactions with the
codon (20).
The pathways of selenium metabolism in bacteria are

largely uncharacterized. The metabolism of selenium would
appear to require (i) transport of an oxidized selenium salt
such as selenite into the cell, (ii) reduction of selenite into a
biologically active form, and (iii) incorporation into FDH
and tRNA. Sulfur and selenium are chemically similar (30),
and nonspecific substitution of selenium for sulfur by some
sulfur-utilizing enzymes has been demonstrated (8, 39). The
actual incorporation of selenium into macromolecules must
require a high degree of specificity to discriminate between
selenium and sulfur (33, 36). However, it is unclear whether
the steps of selenium metabolism preceding incorporation
are specific for selenium or whether nonspecific reactions in
the sulfur metabolic pathways are involved. Selenite-specific
transport mechanisms have been characterized in both Sal-
monella typhimurium and E. coli (8, 9). However, other
findings indicate that sulfate and selenite may share a com-
mon transporter in E. coli (24). The investigators suggest
that nonspecific selenite transport may be advantageous in
preventing toxic amounts of selenite from entering the cell
(24). The present study was initiated to characterize sele-
nium metabolism and investigate the function of mnm5Se2U
in the tRNA of S. typhimurium. Our results indicate that
selenium is metabolized entirely by specific pathways. We
isolated a selA mutant which is unable to incorporate sele-
nium into tRNA or protein. The effects of the selA mutation
on the efficiency of suppression by suppressor tRNA sup-
ports the involvement of mnm5Se2U in codon-anticodon
interactions.
(A preliminary account of this investigation has been
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presented [Abstr. Annu. Meet. Am. Soc. Microbiol. 1986,
K-132, p. 215].)

MATERIALS AND METHODS

Bacterial strains and F plasmids. The bacterial strains and
F plasmids used in this study are described in Tables 1 and
2. Strain S90C and the F plasmids were provided by J.
Miller.
Media and reagents. Minimal growth medium consisted of

VBC (38) salts supplemented with 0.4% glucose. Minimal
glucose medium plates consisted of 1.5% agar supplemented
with 2.0% glucose and VBC salts. MacConkey nitrate me-
dium plates consisted of (per liter) 40 g of MacConkey agar
base (Difco Laboratories), 20 g of KNO3, 1 g of glycerol, 0.5
g of NaCOOH, and 0.1 g of glucose. BV dye overlay
consisted ofBV (1 mg/ml), NaCOOH (250 mM), KH2PO4 (25
mM, pH 7.0), and agar (0.75%). H275SeO3 (231 mCi/mg) was

purchased from New England Nuclear Corp. Selenocysteine
and BV were purchased from Sigma Chemical Co. Authentic
standards of mnm5Se2U and mnm5S2U were generously
provided by W. M. Ching (42).

Mutagenesis. Wild-type S. typhimurium LT2 was muta-
genized with diethyl sulfate as described by Christman et al.
(14).

Screen for FDHN activity. MacConkey nitrate medium
plates were prepared by a method similar to that of Barrett et
al. (4), except that MacConkey agar base was used. Muta-
genized cultures were diluted and spread on these plates.
The plates were incubated at 37°C anaerobically in GasPak
jars (BBL Microbiology Systems) for 24 h. Each plate
contained approximately 500 to 1,000 colonies.

Screen for FDHH activity. Strains to be assayed for FDHH
activity were streaked on minimal glucose medium plates
and grown anaerobically overnight at 37°C. A BV agar
overlay was prepared as described by Mandrand-Berthelot
et al. (25). Immediately after the plates were removed from
the anaerobic chamber, they were overlaid with 3 ml of the
molten dye-agar mixture.

75Se-gel incorporation assay. Cultures (2 ml) were grown in
minimal glucose medium supplemented with 0.01 ,uM
Na,SeG3, 0.01 p.M Na2MoO4, 1% KNO3, and 0.4 ,uCi of
H2J'SeO3 per ml. Cysteine (1 mM) was added for growth of
cys mutants. After growth overnight at 37°C without shak-
ing, cells were harvested by centrifuging 1.5 ml in a Micro-
fuge (Beckman Instruments, Inc.) for 10 min. The cells were
washed once with VBC salts and suspended in 0.1 ml of
VBC salts. Samples of the concentrated cells were mixed
with an equal volume of 2x sample buffer (23). After being
heated at 100°C for 3 min, the samples were loaded onto a

TABLE 1. Strains used

Strain Genotype Source

S. typhimurium
TT172 cysGlSlO::TnlO K. Sanderson
SA2853 cys-168 K. Sanderson
TT173 cysJ1511::TnlO K. Sanderson
SA2443 cysE396 K. Sanderson
TA4325 selAl This laboratory
TA4327 selAl cysJ1511::TnIO This laboratory
TA4328 proA15 supG50 zbb-121::TnlO This laboratory
TA4329 proA15 supG50 selAl This laboratory

zbb-121::TnlO

E. coli S90C A(lac-proB) ara strA J. Miller

TABLE 2. Plasmids used

F plasmid eCoding position in Nonsense codon Residue in
Fplasmida the lacIZ gene wild type
112 84 UAG Lys
115 105 UAG Glu
015 105 UAA Glu
117 117 UAG Glu
017 117 UAA Glu
121 181 UAG Glu
021 181 UAA Glu

a The F plasmids are derived from F plasmid del-14, which contains the
lacZ gene fused in frame with the lacI gene. Nonsense codons are present in
the lacI portion of the fusion.

12.5% sodium dodecyl sulfate-polyacrylamide gel prepared
and run as described previously (3). The gels were run for
approximately 15 min after the tracking dye had run off the
bottom. The gels were then stained and dried as described
previously (3). Autoradiography was performed overnight at
-80°C. An equal number of counts (usually 10,000 to 20,000)
was loaded on each lane of the gel.

75Se-labeled tRNA analysis. Cultures (200 ml) were grown
without shaking in minimal glucose medium supplemented
with 0.5 ,iM Na2SeO3 and 1 mCi of H275SeO3 per liter. Cells
were harvested, and the tRNA was isolated and digested as
described previously (10). Nucleosides were characterized
by high-pressure liquid chromatography (HPLC). Buffers
were prepared as described previously (10) except that
buffer A was 0.15 M ammonium acetate (pH 7). Nucleosides
from approximately 0.5 to 1.0 A260 unit of tRNA were
resolved by gradient elution from a Supelco 5-p,m C18
reverse-phase analytical column (250 by 4.6 mm) at room
temperature with a flow rate of 1.5 ml/min. The gradient was
generated by a Waters system controller. In the following
description of the gradient, the first number refers to the
percentage of buffer B being pumped and the second number
refers to the elapsed time in minutes: 0, 0; 0, 3; 5, 10; 15, 25;
45, 35; 75, 45; 100, 50. All increases in buffer B were linear.
The UV elution profile was determined with a Kratos
Spectroflow 773 detector set at 313 nm. The data were
analyzed by using a Hewlett-Packard 9816 work station. For
runs involving labeled nucleosides, fractions were collected
and the radioactivity in samples was counted in a Packard
Tri-Carb liquid scintillation counter.

Selenocysteine analysis. 75Se-labeled cells (4 ml) were
prepared as described for the gel assay except that 1 mM
cysteine was included in the growth medium. Cells were
harvested, and the pellet was washed twice with STE buffer
(0.1 M NaCl, 10 mM Tris [pH 8], 0.1 mM EDTA, 1 mM
dithiothreitol). The cells were suspended in 230 p,u of STE
buffer, and 23 p.l of fresh lysozyme (20 mglml) was added.
The cells were then lysed by boiling for 40 s. After cooling,
the cells were treated with KBH4 and iodoacetamide as
described by Stadtman (35) to derivatize the selenocysteine
residues. After derivatization overnight, an equal volume of
12 N HCl was added. Hydrolysates were prepared by
incubation at 110°C for 24 h under vacuum. After hydrolysis,
the samples were lyophilized to dryness and suspended in
250 ,ul of sample buffer (67 mM trisodium citrate, 0.5%
thiodiglycol, 0.01% caprylic acid [pH 2.2]). HPLC was
performed by isocratic elution from a Whatman Partisil-10
SCX column with 20 mM sodium citrate (pH 2.5) as the
buffer. Radioactivity was analyzed by use of a Radiomatic
flowthrough liquid scintillation detector, and UV absorbance
was monitored at 210 nm. The identification of the 75Se-
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Na2SeO3 at 37°C with shaking. P-Galactosidase activity was
assayed by the method of Miller (27). The results presented
are the averages for two to four separate experiments.

....

FIG. 1. S55e incorporation into FDH and tRNA. Autoradiograms
of polyacrylamide gels of 75Se-labeled cells showing resolution of
7"Se-containing macromolecules. Lanes: a, purified 7"Se-labeled
tRNA; b, wild-type S. typhimurium LT2; c, S. typhimurium TA4325
(selAl). The top band in lane b corresponds to FDHN. The bottom
three bands in lanes a and b are seleno-tRNAs. The apparent
differences in mobility are due to the gels being run at different
times. The apparent labeling in bands other than tRNA and FDHN
generally corresponds to the heaviest Coomassie blue-staining
bands and may thus represent nonspecific incorporation. The lanes
were loaded with approximately the same number of counts, result-
ing in a greater amount of protein being loaded in the selAl lane
(lane c).

labeled peak as the selenocysteine derivative was verified by
parallel migration with an authentic standard of the deriva-
tive, which was prepared by derivatizing selenocysteine by
the method of Stadtman (35).

Conjugation and P-galactosidase assay procedures. F plas-
mids were transferred from strain S9OC to strains TA4329
(proA supG selAl TnJO) and TA4328 (proA supG TnlO) by
spotting liquid cultures onto minimal glucose-tetracycline
medium plates and incubating at 37°C for 40 to 48 h. The
donor was in the mid-log phase, and the recipient was in the
stationary phase.

Cultures (25 ml) were grown for the P-galactosidase assay
in minimal glucose medium supplemented with 1 ,uM

RESULTS
Specificity of selenium metabolism in S. typhimurium. We

developed an assay which allowed simultaneous determina-
tion of selenium incorporation into both tRNA and protein.
Cells were labeled by growth in the presence of 75SeO32-
and then run on a 12.5% sodium dodecyl sulfate-polyacryl-
amide slab gel. The major 75Se-labeled bands corresponded
to the selenium-containing subunit of FDH at a molecular
mass of 110 kilodaltons and three tRNA species at lower
molecular masses (Fig. 1, lane b). The identity of the lower
bands at tRNA species was proved by their parallel migra-
tion with purified 75Se-labeled tRNA (Fig. 1, lane a). This
method was similar to that of Cox et al. (15) but allowed
resolution of individual tRNA species.
The specificity of selenium metabolism was determined by

testing several mutants (cys) lacking enzymes involved in
sulfur metabolism in the gel assay. The pattern of selenium
incorporation in cysG (TT172), cysl (SA2853), cysJ (TT173),
and cysE (SA2443) mutants (Fig. 2) appeared to be the same
as that in wild-type cells (data not shown). O-Acetylserine
(formed by the cysE gene product) is a positive regulatory
element in the expression of the cys genes (22). Thus, the
requirement for any other of the enzymes from the sulfur
metabolic pathway in selenium metabolism was unlikely
since in the cysE mutant, expression of all the other cys
genes was repressed. These results indicate that all of the
steps in selenium processing were specific for selenium.

Identification of selenium-modified base in S. typhimurium
tRNA. 75Se-labeled tRNA was isolated and hydrolyzed to
ribosides. HPLC analysis demonstrated the presence of one
7'Se-labeled nucleoside (Fig. 3A and B) which coeluted with
authentic mnm5Se2U standard (data not shown). Selenium
was incorporated into tRNA when cells were grown either
anaerobically or aerobically. Therefore, as in E. coli (40), S.
typhimurium tRNA contained a single selenium-modified
base, mnm5Se2U.

Isolation of a selenium metabolism mutant. To investigate
the function of mnm5Se2U, we attempted to isolate a mutant
which was unable to incorporate selenium into tRNA. Mu-
tations in steps of selenium metabolism such as reduction
and transport would have a pleiotropic effect, blocking
incorporation into either tRNA or protein. Such mutants
would lack activity of both forms of FDH, FDHH and
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8e-.03 out SeO3 in H2Se--(protein, tRNA
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FIG. 2. Comparison of sulfur and selenium biosynthetic pathways in S. typhimurium. The sulfur pathway is taken from Kredich (22). The

selenium pathway is based on the work of Brown and Shrift (8, 9) and results of the present study. Acetyl CoA, Acetyl coenzyme A.
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FIG. 3. HPLC resolution of tRNA modified base mnm5Se2U.

Whole-tRNA hydrolysates of purified 75Se-labeled S. typhimurium
RNA were analyzed by reverse-phase HPLC as described in the
text. (A) UV profile of wild-type tRNA; the arrow indicates the
location of mnm5Se2U. (B) Radioactivity profile of HPLC run,
showing the only "5Se-labeled peak observed. (C) UV profile of
hydrolysate of tRNA purified from the selAI mutant; no mnm5Se2U
was detected.

FDHN, since selenium incorporation is required for activity.
FDHN mutants were initially isolated by plating diethyl
sulfate-treated cultures onto MacConkey nitrate medium
plates. These plates contain a pH indicator along with 1%
nitrate, so that when grown anaerobically on these plates,
FDHN mutants turn red due to the accumulation of formic
acid (4). FDHN mutants isolated by this procedure were then
assayed for FDHH activity by testing for the ability of
anaerobically grown cells to reduce BV. The assay involved
overlaying cells grown anaerobically on minimal glucose
medium plates with top agar which contained BV (25). Cells
which were unable to reduce the dye remained white,
whereas those with FDHH activity turned blue. Mutants
which lacked both activities were assayed for selenium
incorporation in the gel assay. Using this approach, we
isolated a mutant which is unable to incorporate selenium
into either tRNA or protein (Fig. 1, lane c). We propose
designating this gene selA.

Analysis of tRNA from seL41 mutant. HPLC analysis of
tRNA hydrolysates from the selAl mutant demonstrated the
absence of mnm5Se2U (Fig. 3C), confirming the results of
the 75Se-gel assay. tRNA from the selAl mutant had in-
creased levels of mnm5S2U, the sulfur analog of the selenium
base (data not shown). The magnitude of this increase in the
mnm5S2U content in tRNA observed in the selAl mutant
indicated that of the tRNAs which contained mnm5Se2U or
mnm5S2U, the fraction which contained the selenium form

was approximately 40% in wild-type cells. Similar conclu-
sions have been reported for E. coli tRNA (41).

Characterization of selA function. We attempted to deter-
mine the biochemical function of the selA protein by assay-
ing the ability of the selAl mutant to catalyze the steps in the
apparent selenium metabolic pathway (Fig. 2). Initially, we
assayed selenite transport in the selAl mutant and found it to
be unchanged from that in the wild type (data not shown).
We next assayed the selAl mutant for the ability to reduce
selenite by measuring selenocysteine levels. Selenocysteine
may be the activated form of reduced selenium, i.e., the
source of reduced selenium utilized for incorporation into
tRNA (43) and protein. Even if selenocysteine is not an
intermediate in selenium processing, the ability to synthesize
selenocysteine from selenite is an indication of the availabil-
ity of reduced selenium. To assay for selenocysteine forma-
tion, cells were grown in the presence of 75SeO327, and
whole-cell hydrolysates were prepared as described above.
The hydrolysates were analyzed by HPLC on a strong
cation-exchange column. In addition to the selAl mutant, a
selAl cysJ double mutant was also analyzed as a control for
nonspecific selenite reduction via the sulfur metabolic path-
way. Both the selAl mutant and the double mutant were able
to synthesize selenocysteine (Fig. 4). The selA protein
therefore appears to be involved in a step of selenium
metabolism after selenite reduction (Fig. 2).

Effect of seUl mutation on suppressor tRNA function. Since
mnm5Se2U appears to be present in position 1 of the
anticodon, it could be involved in codon-anticodon interac-
tions (36; Ching, Fed. Proc., 1983). The involvement of
modified bases in the anticodon region in codon recognition
has been inferred from the effect of base modification
mutations on the function of suppressor tRNAs (7, 21, 37).
The ochre-suppressing derivative of tRNALYS, coded for by
supG, has been shown to retain full modification in position
1 of the anticodon (29). Hagervall and Bjork (22) have used
this suppressor to show that undermodification at the 5
position of mnm5S2U causes reduced readthrough of non-
sense codons, i.e., affects codon recognition. These experi-
ments were performed with the lacI-lacZ fusion system
developed by Miller and Albertini (28). The lacI gene has
been sequenced, and many nonsense mutations in this gene
have been characterized. Several of these mutations have
been transferred onto an F plasmid with an in-frame lacI-
lacZ fusion (28). In the absence of the nonsense mutation,
this fusion retains 3-galactosidase (lacZ) activity. The intro-
duction of a nonsense mutation into lacI prevents translation
into the lacZ portion of the fusion, eliminating P-galacto-
sidase activity. If any amino acid is inserted at the site of the
nonsense mutation, such as by a suppressor tRNA, the lacZ
portion will be translated and 0-galactosidase activity will be
expressed. The amount of readthrough at the nonsense
codon (as measured by P-galactosidase activity) is depen-
dent on the cognate interaction of the suppressor tRNA with
the codon. Small changes in the codon-anticodon interac-
tions of the suppressor tRNA and the nonsense codon
resulting from altered base modifications can be measured
by changes in,-galactosidase activity (21). We used this
system to determine the effect of mnm5Se2U on the interac-
tion of supG tRNA with nonsense codons. Strains were
constructed which contained supG and a fusion plasmid,
with or without the selAl mutation. P-Galactosidase activity
was then measured in these strains. Thus, this experiment
compared the difference in suppression efficiencies of strains
which contained a population of suppressor tRNAs contain-
ing either mnm5Se2U or mnm5S2U (selA+) with strains

C.
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FIG. 4. Assay for ability to synthesize selenocysteine."5Se-
labeled cell hydrolysates were prepared and analyzed by HPLC as
described in the text. Radioactivity was detected by the use of a
flowthrough liquid scintillation counter. Equal amounts (20 ,ul) of the
hydrolysates were used in all runs. The arrow indicates the position
of the selenocysteine derivative. (A) Wild-type LT2; (B) selAl
(TA4325); (C) selAl cysJ (TA4327).

whose suppressor tRNAs contained only mnm5S2U (selA
mutants). The results of this experiment, using several
different fusion plasmids, are shown in Table 3. The results
are normalized to the P-galactosidase activity obtained with
a wild-type fusion plasmid (no nonsense mutation). The
wild-type activity was the same in the selA+ strains and the
selA mutants. The absence of mnm5Se2U in the selAl
mutant strains caused up to a 50% decrease in readthrough in
certain contexts (Table 3). The magnitude of this effect is
similar to what was observed for mutations affecting the 5

position of mnm5S2U (21). These results support the pro-
posal that the selenium-modified base is involved in codon
recognition.

Genetic mapping of seL4. Hfr mapping experiments dem-
onstrated that selA maps in the general region of 13 to 23 min
on the S. typhimurium chromosome (data not shown). Sev-
eral TnWO transposons linked to selA have been isolated. The
Sel- phenotype can be moved into different strains by
P22-mediated transduction by using these TnJO transposons.
Deletions from these TnWO transposons have been generated
by selecting for tetracycline sensitivity on fusaric acid me-
dium plates (6). One class of deletion mutants had the Sel-
phenotype, indicating that selAl is a loss-of-function muta-
tion. Auxotrophic deletions were also generated in this

manner. These mutants appeared to carry either a pyr
mutation (pyrC at 23 min or pyrD at 21 min) or an asp
mutation (aspC at 21 min) plus a glt mutation (gltH at 20 to
25 min). These results are consistent with the Hfr mapping
results. However, no linkage could be demonstrated by P22
transduction with known markers in this region (pyrD, aspC,
pyrC, and pepN).

Other fdh mutants (lacking both FDHH and FDHN) with
mutations in this region have been isolated. Chippaux et al.
(13) isolated an fdh mutant, fdhB, which was 30% linked to
aroA at 19 min. Barrett et al. (4) isolated a class of fdh
mutants (class 3) in which the mutations mapped close to
fdhB by Hfr mapping but were unlinked to aroA and other
known markers in the region. We analyzed one of the class
3 fdh mutants (TC170) isolated by Barrett et al. and found it
to be unable to incorporate selenium into protein or tRNA
(data not shown), indicating that this class of fdh mutants
probably consists of selA mutants. We also analyzed two
strains with large deletions in the 18- to 19-min region
(TA1674 and TA1701) that were isolated in this laboratory
(2) and found them to have the Fdh- mutant phenotype
while still incorporating selenium into tRNA (data not
shown). The deletion in these strains appears to extend
through the fdhB gene. Thus, fdhB and selA appear to be
distinct genes.

DISCUSSION
Selenium and sulfur are in the same group of elements in

the periodic table and are thus chemically similar (30). The
insertion of selenium into specific sites in bacterial macro-
molecules implies a high degree of specificity for distinguish-
ing between selenium and sulfur (33, 34, 36). The specificity
of the metabolic steps preceding the incorporation of sele-
nium (Fig. 2) is unclear. Transport of selenite has been
reported to be specific (8, 9), but this observation has also
been disputed (24). We tested the ability of several S.
typhimurium cys mutants to metabolize selenium in a 75Se-
gel assay. We found that all of these mutants were able to
metabolize selenite normally. These results demonstrated
that selenium and sulfur are metabolized by independent
pathways in S. typhimurium. The transport and reduction of
selenite and the incorporation of reduced selenium into
macromolecules thus appeared to proceed entirely via a
selenium-specific pathway.

Lysine- and glutamate-accepting species of the tRNA of
E. coli have been shown to contain selenium in the form of

TABLE 3. ,B-Galactosidase activity in selA mutant

% 1-Galactosidase activity
Position relative to that of F Ratio

of Sequence plasmid del-14 (SE)a seIatIseAlAmutation
seIA+ selAI

Amber
84 AUU-UAG-UCU 2.48 (0.10) 1.14 (0.02) 0.46
105 GUC-UAG-GCC 1.22 (0.10) 0.69 (0.04) 0.56
117 GCG-UAG-CGC 0.72 (0.01) 0.42 (0.05) 0.58
181 CAG-UAG-AUC 1.30 (0.04) 0.74 (0.08) 0.57

Ochre
105 GUC-UAA-GCC 0.50 (0.07) 0.49 (0.08) 0.98
117 GCG-UAA-CGG 0.36 (0.08) 0.33 (0.07) 0.92
181 CAG-UAA-AUC 1.55 (0.15) 0.74 (0.03) 0.48
a The 13-galactosidase activities obtained with different F plasmids in seIA+

supG (TA4328) and selAI supG (TA4329) strains are expressed as the
percentages of the activity obtained with the wild-type F plasmid del-14.
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the modified base mnm5Se2U (40, 42). The selenium-con-
taining form of the base is apparently substituted for the
sulfur-containing form, mnm5S2U, in a fraction of these
tRNA species (36, 41; Ching, Fed. Proc., 1983). We found
that S. typhimurium tRNA, like E. coli tRNA, contained a

single selenium-modified base, mnm5Se2U. The lysine-, glu-
tamate-, and glutamine-accepting tRNA species of E. coli
contain mnm5S2U in position 1 of the anticodon (18). We
showed that S. typhimurium contained three seleno-tRNA
species by using the 75Se-gel assay. Since mnm5Se2U ap-
pears to substitute for the sulfur form of the base (41), the
three seleno-tRNA species observed may have corre-
sponded to lysine-, glutamate-, and glutamine-accepting
species.
Selenium is an essential component of the bacterial en-

zyme FDH (17). This enzyme exists in two forms made
under different growth conditions, each of which contains
selenium (15). Mutations which disrupt selenium metabolism
would be expected to have a pleiotropic effect, eliminating
the activity of FDHH and FDHN in addition to preventing
seleno-tRNA formation. Such a mutant was isolated by
screening for mutants lacking both FDHs. Mutants of this
type were tested for selenium incorporation in the 7Se-gel
assay. The mutant which Was isolated, selA, does not
incorporate selenium into either tRNA or protein. The selA
gene appeared to map in the 20- to 22-min region of the S.
typhimurium chromosome.
The selA protein appeared to be involved in the actual

selenium insertion process. We tested the selAl mutant for
the ability to reduce selenite by assaying for selenocysteine
biosynthesis. The mutant retained the ability to synthesize
selenocysteine even in the presence of a sulfite reductase
mutation. The formation of selenocysteine in this double
mutant demonstrated that reduced selenium is available for
further processing. The selA protein therefore appears to act
in a step of selenium metabolism after reduction, such as

incorporation. The incorporation of selenium into tRNA and
protein appears to proceed by reactions which are quite
different. Incorporation into tRNA appears to involve ex-

change of sulfur for selenium (unpublished data; 41). This
conclusion was based on experiments in which various E.
coli mutants with altered biosynthesis of mnm5S2U were

assayed for their ability to synthesize mnm5Se2U. Strains
with mutations in the trmC, trmE, or trmF gene which affect
modification of the base at position 5 (5, 16) contained an

undermodified selenium base (unpublished data; 41). How-
ever, in an asuE mutant, which appears to lack thiolation of
mnm5S2U (37), no selenium was incorporated into tRNA
(unpublished data). This strain maintained selenium incor-
poration into FDH; therefore, seleno-tRNA does not serve

as a source of reduced selenium for incorporation into
protein, as has been suggested (40). The presence of sulfur
thus appeared to be necessary for selenium incorporation
into mnm5Se2U. This conclusion is in agreement with results
demonstrating that this selenium incorporation in E. coli
involves an exchange reaction with sulfur (41).
The mechanism of selenium incorporation into FDHH has

been proposed to be cotranslational (44). Selenocysteine has
been found to be incorporated at sites encoded by the opal
stop codon, UGA (11, 44). For FDHH, Zinoni et al. (44)
speculated that tRNATIP interacts with the opal codon and
that tryptophan is then converted to selenocysteine by
replacement of the indole group with SeH to form selenocy-
steinyl-tRNATrP. The apparent mechanisms of incorporation
of selenium into tRNA and protein are sufficiently different
that it is unlikely that the selA protein alone could catalyze

both reactions. The formation of the tRNA modified base
4-thiouracil (S4U) requires two enzymes (1). The product of
the nuvC gene appears to be involved in transferring sulfur to
both S4U and thiazole (31). The function of the nuvA protein
may be to activate the specific site on tRNA for thiol transfer
(1). By analogy to the nuvC protein, the selA protein may be
a general selenium transfer enzyme. Other enzymes analo-
gous to the nuvA protein would thus be required to direct
this selenium transfer into protein or tRNA.
The ability of nonsense mutations to be suppressed by

mnm5S2U-containing tRNAs is reduced by undermodifica-
tion of the base (16, 21, 37). These experiments were done
with both suppressor (21, 37) and wild-type (16) tRNAs.
Since mnm5Se2U is also found in the anticodon of tRNAs, it
may also be involved in codon-anticodon interactions (12,
36). There is in vitro evidence supporting the involvement of
mnm5Se2U in codon recognition (12; Wittwer and Ching,
Fed. Proc., 1985). Using purified tRNAG"U from E. coli with
either mnm5Se2U or mnm5S2U, it was found that the sele-
nium-containing form had a significantly greater affinity for
GAG codons than did the sulfur-containing form, whereas
no difference was observed for the binding to GAA codons
(Wittwer and Ching, Fed. Proc., 1985). Comparison of the
binding of selenium-containing tRNAGlU from Clostridium
sticklandii with that of sulfur-containing tRNAGlu from E.
coli to GAA and GAG codons demonstrated that the sulfur-
containing tRNA had a fivefold greater affinity for the GAA
codon than for the GAG codon, whereas the selenium-
containing form had an equal affinity for both codons (12).
These results indicate that mnm5Se2U may function to
increase wobble base pairing, i.e., increase the affinity of the
modified uridine for base pairing with guanosine. We inves-
tigated the effect of mnm5Se2U on in vivo codon recognition
of a suppressor tRNA by using the lacI-lacZ fusion system
(28). The effect of the selA mutation on the ability of supG
tRNA to suppress ochre and amber mutations in several
contexts was determined. Suppression of nonsense codons
has been found to be context dependent, often correlating
with the adjacent 3' base (28). Our results show that in the
absence of mnm5Se2U, the efficiency of suppression of UAG
codons by supG tRNAs was reduced approximately 50%.
The efficiency of suppression of UAA codons was not
affected by the absence of seleno-tRNA unless the codon
was followed by an A (UAA-A). These results are consistent
with the involvement of mnm5Se2U in codon recognition,
especially in forming wobble base pairs. This function may
suggest that the translation of mRNA species which contain
a large number of codons that are read more efficiently by
selenium-containing tRNAs could be regulated by selenium
availability (12). It is interesting that the sequence of the
selenium-containing subunit of E. coli FDHH (fdhA) con-
tains an unusually high percentage of lysine and glutamate
codons which appear to be sensitive to the presence of
mnm5Se2U (65% RAG plus RAA-A for Glu [R = G] and 56%
for Lys [R = A]), compared with the average codon usage in
E. coli (44% RAG plus RAA-A for Glu and 42% for Lys), as
compiled by Shpaer (32).

Suppressor tRNAs which contain mnm5Se2U appear to be
more efficient at reading UAA codons than those with
mnm5S2U when A is the 3' base flanking the codon. The
function of the modified U at position 34 of the tRNA may be
to enhance codon recognition through stacking interactions
involving the middle base of the anticodon and the base 3' to
the codon (20, 32). The context effects seen in our experi-
ments could be explained by differences in the ability of
mnm5Se2U and mnm5S2U to stack in this manner. When
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paired with G, the selenium-containing base may have a
greater ability to stack with the 3' base of the codon than
does the sulfur-containing base. Also, when base paired with
A, the selenium-containing form of the base may have an
enhanced ability to stack with an A 3' of the codon compared
with the sulfur-containing form. Thus, the absence of the
selenium form (in the selAl mutant) led to a decreased ability
to suppress UAA codons with a 3' A. When the UAA codon
was followed by G or C, there appeared to be no difference
between the sulfur and selenium forms in these stacking
interactions. The function of mnm5Se2U in tRNA may be to
enhance wobble base pairing and to stabilize cognate base
pairs in the context of RAA-A. Such a function is consistent
with the involvement of modified bases in the anticodon
region in the fine-tuning of the translational process (20).
The physiological consequences of lacking mnm5Se2U

appear to be fairly subtle. When the bacteria were grown
aerobically, the only effect of the selAl mutation appeared to
be a lack of seleno-tRNA, since selenoenzymes are ex-
pressed only anaerobically. The aerobic growth rate of the
selAl mutant in minimal glucose medium was identical to
that of strain LT2 (data not shown). We also found that the
selAl mutant was not sensitive to oxidizing agents, amino
acid analogs, or heat killing (data not shown). These results
are similar to those obtained for another mutant, trmC,
which contains altered modification of mnm5S/Se2U in
tRNA. Like the selAl mutant, trmC mutants cause reduced
efficiency of suppression by supG tRNA (21) yet retain a
wild-type growth rate (26) and have no other reported
phenotype. The effects of mnm5Se2U on codon interactions
may be important under environmental conditions but may
not be apparent under laboratory conditions. The physiolog-
ical consequences of undermodification of mnm5Se2U and
mnm5S2U in the anticodon thus remain to be characterized.
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