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Selenium can be metabolized for protein synthesis by two major
pathways in vivo. In a specific pathway it can be inserted into
polypeptide chains as the amino acid selenocysteine, as directed by
the UGA codon. Alternatively, selenium can be substituted for
sulfur to generate the free amino acids selenocysteine and sel-
enomethionine, and these are incorporated nonspecifically into
proteins in place of cysteine and methionine, respectively. A
mutant strain of Escherichia coli was constructed that is deficient
in utilization of inorganic selenium for both specific and nonspe-
cific pathways of selenoprotein synthesis. Disruption of the cysk
gene prevented synthesis of free cysteine and selenocysteine from
inorganic S and Se precursors. Inactivation of the selD gene
prevented synthesis of selenophosphate, the reactive selenium
donor, required for the specific incorporation pathway. As ex-
pected, the double mutant strain, RL165AselD, when grown anaer-
obically in LB + glucose medium containing 755e032-, failed to
synthesize selenium-dependent formate dehydrogenase H and
seleno-tRNAs. However, it incorporated 24% as much selenium as
the wild-type strain. Selenium in the deficient strain was bound to
five different proteins. A 39-kDa species was identified as glycer-
aldehyde-3-phosphate dehydrogenase. It is possible that selenium
was bound as a perselenide derivative to the reactive cysteine
residue of this enzyme. A 28-kDa protein identified as deoxyribose
phosphate aldolase also contained bound selenium. These 75Se-
labeled proteins may have alternate roles as selenium delivery
proteins.

In many biological systems selenium can be metabolized in a
specific pathway dedicated to the biosynthesis of proteins
which contain the amino acid selenocysteine as directed by the
UGA codon. In Escherichia coli this pathway requires the
products of four genes, selA, selB, selC, and selD. The selC gene
product was identified as a selenocysteyl-tRNASe¢ that cotrans-
lationally delivers selenocysteine at the in-frame UGA codon (1,
2). Initially tRNAS® is aminoacylated with serine and this is
converted to selenocysteyl-tRNASe by the sel4 gene product,
selenocysteine synthetase (3). The selenium is derived from an
activated selenium donor identified as selenophosphate that is
generated by the selD gene product, selenophosphate synthetase
(4, 5). Selenophosphate also is required as the donor form
of selenium required for the conversion of 2-thiouridine to
2-selenouridine in tRNA (5). The selB gene product, a special-
ized translation factor binds guanine nucleotides, selenocysteyl-
tRNA, and the SECIS element, a unique stem loop structure in
the mRNA located immediately downstream of UGA in E. coli
formate dehydrogenase H mRNA (6). The binding of the se/B
translation factor complex to the stem loop stalls the ribosome
at the UGA and prevents termination of protein synthesis long
enough for the insertion of the selenocysteine residue to occur
(2). In contrast to the specific pathway selenium can substitute
for sulfur in many sulfur metabolic pathways because of the
chemical similarity of these elements (7, 8). Thus, the enzymes
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involved in the cysteine biosynthetic pathway can generate free
selenocysteine. The cysteyl-tRNA synthetase can charge the
tRNA®* with either cysteine or selenocysteine and the latter is
inserted into proteins nonspecifically in place of cysteine (9).

Several proteins have been identified as sulfur transferases or
delivery proteins in specific sulfur metabolic pathways. These
include the thil gene product, a sulfur transferase required for
thiazole and S*U formation (10), 3-mercaptopyruvate sul-
furtransferase (11), and rhodanese (12). Considering that in vivo
concentrations of sulfur are much greater than selenium, trans-
port proteins may exist to ensure the effective delivery of
selenium required in specific pathways of metabolism. These
proteins should have a high affinity toward selenium and rela-
tively low binding affinity toward sulfur.

In an attempt to identify potential selenium transport proteins
able to bind selenium with high affinity, a double mutant of E.
coli was generated. This mutant contains a se/D deletion, as well
as a cysK mutation, rendering it deficient both in specific and
nonspecific pathways of selenium metabolism. The disruption of
the two genes results in a strain unable to synthesize seleno-
phosphate required for specific selenium incorporation into
proteins and tRNA and free selenocysteine for nonspecific
replacement of cysteine in proteins. Inability to fully metabolize
selenium could facilitate the detection of various selenium
transport proteins containing bound selenium. For example,
prevention of normal selenium incorporation into proteins and
tRNAs greatly decreases the number of radioactive bands visu-
alized on gels, thus increasing the sensitivity of detection of
precursor forms of selenium bound to potential delivery pro-
teins. The inability to fully metabolize selenium, in fact, may lead
to accumulated levels of the selenium-bound forms of these
proteins. This work reports the characterization of E. coli strain
RL165AselD.

Materials and Methods

Materials. E. coli strain RL165 (cysK511) (13) and WL400
(AselD) (4) were obtained from the E. coli Genetic Stock Center.
Bacteriophage P1 was purchased from America Type Culture
Collection. [°Se]selenite was purchased from The University of
Missouri Research Reactor Facility, Columbia. The rich medium
used was LB medium supplemented with 0.1 uM SeO3?~ and
0.5% glucose.

Generation of E. coli Strain RL165AselD. The chloramphenicol
resistance marker inserted into the se/D gene in WL400 was
transduced by bacteriophage P1 into RL165. Colonies were
selected on LB chloramphenicol plates. Standard methods used

Abbreviation: GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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Fig. 1. Invivo assay of the selenocysteine-containing FDHy, protein. (A) E. coli
strains MC4100 (wild type), WL400 (Ase/D), RL165 (cysK), and RL165AselD were
grown overnight anaerobically on a LB agar plate. The plate was overlaid with
agar containing benzyl viologen. Colonies with active FDHy reduced benzyl
viologen resulting in a blue color. (B) Gas production was monitored in all four
strains grown in LB overnight anaerobically in the presence of 0.5% glucose.

for genetic manipulation were according to Miller (14) and
Sambrook et al. (15).

Polyacrylamide Gel Electrophoreses Analysis of Cell Extract. Fifteen-
milliliter cultures of E. coli strains MC4100, WL400, RLL165, and
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Fig. 2. Phosphorlmager analysis of a SDS/10% PAGE gel containing 7>Se-

labeled cell extract. E. coli strains MC4100 (lanes 1 and 5), WL400 (lanes 2 and
6), RL165 (lanes 3 and 7), and RL165AselD (lanes 4 and 8). Samples in lanes 5-8
were prepared in the presence of g-mercaptoethanol.
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Table 1. Quantitation of the amount of selenium incorporated
into mutant strains of E. coli compared to wild type

Strain cpm/pg % 75Se incorporation
MC4100 2,689 100
WL400 (AselD) 1,729 64
RL165 (cysK™) 1,739 65
RL165 (AselD) 657 24

RL165AselD were grown overnight anaerobically at 37°C in LB
supplemented with 0.1 uM SeO3%~, 10 nCi 7*SeO3%~, and 0.5%
glucose. After growth cells were harvested, resuspended in 100
mM potassium phosphate buffer (pH 7.0), and lysed by freeze—
thawing in liquid N,. Aliquots of supernatants containing 11-12
png of protein were analyzed by SDS-polyacrylamide (10%)
electrophoresis and PhosphorImager detection of radio-
activity (16).

Identification of Proteins with Bound Selenium. One-liter cultures of
RL165AselD were grown in LB supplemented with 0.1 uM
Se0327, 1 mCi 7°Se032~, and 0.5% glucose. After growth cells
were harvested, resuspended in 100 mM potassium phosphate
buffer (pH 7.0), and lysed by freeze—thawing in liquid No.
Supernatants were applied to a HPLC DEAE column. A linear
gradient 100 mM Tricine/KOH (pH 7.9; Buffer A)/100 mM
Tricine-KOH (pH 7.9)/1 M KClI (Buffer B) was run at 2 ml/min:
0-20 min 0% Buffer B, 20—40 min 0-5% Buffer B, 40-50 min
5-10% Buffer B, 50-60 min 10-15% Buffer B, 60-70 min 15—
20% Buffer B, 70-90 min 20-30% Buffer B, 90-100 min 30-50%
Buffer B, 100-110 min 50-100% Buffer B, and 110-130 min
100% Buffer B. Protein separation during the gradient was
monitored by absorbency measurements at 215 and 280 nm.
73Se-labeled proteins were determined by on-line scintillation
counting. Peak fractions that contained 7Se were pooled, dia-
lyzed against Buffer A, concentrated, and applied to a HPLC
2000SW gel filtration column run as described above. 7>Se-
labeled proteins were identified by PAGE and PhosphorImager
analysis. Labeled protein bands were cut from gels and eluted by
overnight incubation in 100 mM Tris-HCI (pH 8.5)/0.1% SDS,
and N-terminal amino acid sequences were determined by
automated Edman degradation (Hewlett Packard G1000A, Palo
Alto, CA).

Results and Discussion

Characterization of RL165AselD. To confirm that the se/D gene was
inactivated, RL165AselD was assayed for ability to synthesize
selenium-dependent formate dehydrogenase H in two routinely
used assays. RL165AselD like WL400 (AselD) failed to produce
hydrogen gas anaerobically in a glucose medium and was unable
to reduce benzyl viologen in agar overlay plates, indicating the
absence of formate dehydrogenase activity due to the lack of
production of selenophosphate (Fig. 1).

To establish the inability of RL165AselD to synthesize sel-
enocysteine from selenite in the nonspecific pathway, cell ex-
tracts were examined for extent of selenium incorporation into
proteins and tRNAs (Fig. 2). Cultures were grown overnight in
media containing [°Se]selenite, cells were lysed, proteins were
separated on SDS/10% PAGE gels, and radioactivity was de-
tected by PhosphorImager analysis. Failure of the RL165AselD
double mutant strain to incorporate radioactivity is shown in
lanes 4 and 8 of Fig. 2. In lanes 1 and 5, which contain extract
from wild-type MC4100, both nonspecific and specific incorpo-
ration can be visualized. The extract from WL400, a se/D mutant
(lanes 2 and 6), shows nonspecific incorporation into proteins
and no specific incorporation into tRNA. The RL165, cysK
mutant extract (lanes 3 and 7) shows specific incorporation only.
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Fig.3. Cell extracts from RL165AselD grown in LB containing 0.1 uM SeO32~,
1 mCi755e032~, and 30 mM formate. (A) 7>Se elution profile of proteins eluted
from DEAE column on HPLC as described in Materials and Methods. (B)
Phosphorimager analysis of a SDS/10% PAGE gel containing fractions that
eluted from the DEAE column at 81 and 82 min.

The selenium incorporation in all samples was not affected by
the presence of reducing agents in the treatment buffer.

A comparison of the amount of selenium incorporated into
each strain under the growth conditions stated above is reported
in Table 1. Cells were lysed and the amount of [7>Se]selenium
incorporated is reported as the amount of radioactivity deter-
mined per microgram of extract protein. WL400, which is not
able to insert selenium specifically (4), and RL165 (13), which is
not able to insert selenium nonspecifically, show a 35% decrease
in selenium incorporation compared with wild-type MC4100
where both pathways are intact. The lack of ability of
RL165AselD to synthesize selenoproteins by either pathway
resulted in a significantly greater decrease (76%) in the amount
of 73Se found in cell extracts as compared with MC4100. The
residual amount of radioactivity detected in the extract of the
double mutant might represent selenium bound to transport or
delivery proteins. Because both pathways of selenium metabo-
lism are blocked, turnover of selenium bound to these proteins

Table 2. Identities of proteins isolated with bound 75Se

Mass (kDa) Identified protein

90 ND

60 ND

39 GAPDH*

28 Deoxyribose-5-phosphate aldolase (DPA)*
7.3 YDFZ hypothetical protein*

In one experiment the growth medium contained 30 mM formate, and
GAPDH and DPA were isolated as 7>Se proteins. In a second experiment
formate was omitted, 0.5% glucose was present, and GAPDH, DPA, and YDFZ
were isolated as selenium-labeled proteins. ND, not determined.

*35,401 Da; 330 amino acids; three cysteine residues, Cys-149, Cys-153, and
Cys-288. Cys-149 is highly reactive. GAPDH from E. coli K12, TIKVGINGFGRI.
39-kDa [7>Se] protein, TIKVGINGIG.

127,733 Da; 259 amino acids; four cysteine residues, Cys-33, Cys-47, Cys-125,
and Cys-129. DPA from E. coli K12, MTDLKASSLRALKLMDLT. 28-kDa [7>Se]
protein, TDLKASSLRALKLM.

*#7,300 Da; 67 amino acids; one cysteine residue, Cys-52; sequence similar to
nitrogenase iron protein from Clostridium pasteurianum. YDFZ from E. coli
K12, MTTYDRNRNAITTG. 7.3-kDa [7>Se], TTYDRNRNA.
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Deoxyribose-5-phosphate aldolase (DPA)

2-deoxyribose-5-phosphate

DPA

acetaldehyde + glyceraldehyde-3-phosphate

Glyceraldehyde-3-phosphate Dehdyrogenase (GAPDH)

glyceraldehyde-3-phosphate + NAD" + P;

GAPDH

glycerate-1,1-bisphosphate + NADH + H"

Scheme 1. Reactions catalyzed by DPA and GAPDH.

should be limited and this may explain the extent of selenium
binding observed in the present study.

Identification of Selenium-Bound Proteins. When wild-type E. coli is
grown anaerobically in the presence of glucose, formate is
produced as a fermentation product, and the formate induces
the expression of the selenocysteine-containing FDHy enzyme.
To mimic these conditions, 1-liter cultures of RL165AselD were
grown in LB medium supplemented with 30 mM formate, 0.1
uM SeO527, and 1 mCi 7SeO5%~ (1 Ci = 37 GBq). Although
expression of selenophosphate synthetase and formate dehydro-
genase H are prevented, synthesis of other proteins involved in
the specific biosynthesis of selenocysteine and its insertion at the
UGA codon may be unaffected. In particular, proteins that bind
selenium and normally serve as delivery proteins for seleno-
phosphate synthesis may accumulate as highly labeled deriva-
tized species because of lack of turnover. After growth of the
mutant strain in the [°Se]selenite medium, cells were harvested
and extracts were analyzed. Residual labeled low molecular
weight forms of selenium were separated by passage of extracts
through Centricon-10 concentrators (nominal mass species cut
off of 10,000 Da). Up to 34% of the total radioactivity passed
into the filtrate. This labeled material migrated as low molecular
weight inorganic selenium species when fractionated on a cali-
brated HPLC gel filtration column. The amount of this material
was greater if extracts were frozen before analysis or otherwise
denatured, suggesting release of protein-bound radioactivity.
The radioactive protein fraction retained on the Centricon-10
membranes was fractionated on a DEAE-HPLC column as
described in Material and Methods. The protein elution profile
revealed a major peak containing 7Se that emerged at 80 min
(Fig. 34). Fractions containing radioactivity were concentrated
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and applied to a gel filtration 2000SW column. The elution
profile revealed two proteins containing 7>Se. One protein was
eluted with an estimated size of 39 kDa and a second protein with
an estimated size of 28 kDa. These protein fractions were
subjected to SDS/10% PAGE gel analysis (Fig. 3B). Protein
bands containing 7>Se were cut out, eluted from the gel, and
subjected to automated Edman degradation analysis. The N-
terminal amino acid sequence of the 39-kDa protein matched
that of GAPDH and the 28-kDa protein was identified as
deoxyribose-phosphate aldolase (DPA) (Table 2). To determine
the effect of the different growth conditions on the appearance
of the Se-labeled proteins, 30 mM formate was omitted from
the medium and formate generated only as the anaerobic
fermentation product of 0.5% glucose was present. Under these
conditions fractionation of the 7>Se-labeled cell extract revealed
the presence of five proteins that contained bound selenium
(Table 2). The 39-kDa protein again was identified as GAPDH
and the 28-kDa protein was identified as DPA. A smaller
7.3-kDa protein was identified as YDFZ and this exhibited
homology to a nitrogenase protein from Clostridium pasteuria-
num. Two proteins of 90 and 60 kDa could not be identified by
N-terminal sequencing or by mass spectral analysis.

Interestingly, both GAPDH and DPA were isolated as sele-
nium-bound proteins from two separate cultures grown under
different conditions for the induction of FDHy. Both of these
proteins bind glyceraldehyde-3-phosphate, GAPDH as a sub-
strate and DPA as a product (Scheme 1). Perhaps the binding site
for 3-glyceraldehyde phosphate is an ideal binding site for
selenium. The presence of a low pK, reactive cysteine residue in
GAPDH also could be important for selenium binding. Al-
though the known enzymes identified here may serve as protein
delivery agents, at least under certain conditions, other proteins
may be involved in the normal delivery of selenium. The latter
may not form adducts of sufficient stability to allow their
isolation from RL165AselD under the conditions of the present
study.
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metabolism remains unknown. The fact that selenium is retained
after denaturation by boiling in SDS and B-mercaptoethanol is
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added to the reaction mixture. The utilization of reactive cys-
teine residues as sites for sulfur binding and transfer has been
documented in several proteins. A similar mechanism in sele-
nium transport may also be used.
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selenium delivery proteins.
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