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ABSTRACT
The selC gene from E. coli codes for a tRNA species

(tRNA088) which is aminoacylated with L-serine and which co-
translationally inserts selenocysteine into selenoproteins. By
means of Southern hybridization it was demonstrated that this
gene occurs in all enterobacteria tested. To assess whether the
unique primary and secondary structural features of the E. coli
selC gene product are conserved in that of other organisms, the
selC homologue from Proteus vulgaris was cloned and sequenced.
It was found that the Proteus selC gene differs from the E.
coli counterpart in only six nucleotides, that it displays the
same unique properties and that it is expressed and functions
in E. coli. This indicates that the unique mechanism of sele-
nocysteine incorporation is not restricted to E. coli but has
been conserved as a uniform biochemical process.

INTRODUCTION
A biological role for the trace element selenium was first

recognized in 1954 when J. Pinsent reported that gas formation
by Escherichia (E.) coli depended upon the presence of selenite

in the medium (1). It was revealed in subsequent biochemical

studies that selenium is incorporated into two distinct poly-
peptides in E. coli which are constituent subunits of formate
dehydrogenases: Formate dehydrogenase H (FDHH) which is part of
the formate-hydrogen-lyase complex possesses an 80 kD seleno-

polypeptide and formate dehydrogenase N (FDHN), which delivers
the electrons to nitrate reductase, possesses a 110 kD seleno-

polypeptide subunit (2, 3). It was shown for the 80 kD seleno-

polypeptide of FDHH that selenium is incorporated co-transla-

tionally in the form of selenocysteine and that the in-corpo-
ration is directed by an in-frame UGA termination codon on the

mRNA (4, 5).
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The synthesis and incorporation of selenocysteine into

these selenopolypeptides from E. coli requires the activity of

the products of at least four genes, designated selA, selB,
selC and selD (6). selA, selB and selD code for proteins whose

function are still unknown (6), whereas selC codes for a tRNA

species (7). This tRNA (tRNASer) is aminoacylated with L-serine
UCA

by seryl-tRNA ligase; it inserts selenocysteine into the pro-

tein after the L-serine, ester-bonded to tRN Ser has been

converted into a selenocysteine residue (8). Apart from its

unique function, tRNASCA (as delineated from the gene sequence

which recently was confirmed by sequencing the gene product; D.

Soll, personal communication) deviates in a number of unique

features from the structure of those tRNA species of E. coli

inserting one of the twenty classical amino acids. These are:

(i) an 8-base pair amino-acyl acceptor stem; (ii) the anticodon

directly matching the UGA termination codon; (iii) several

deviations from positions hitherto considered as invariant

within the D-stem region (7). It was hypothesized that these

unique features might play a role in the decoding process of

the UGA (determining selenocysteine insertion) or as a re-

cognition signal for the enzyme(s) responsible for converting

L-serine into selenocysteine (7).

Such functional essentiality should be correlated with a

high evolutionary conservation of the structure. Therefore, we

have searched for the occurrence of the selC homologue in other

enterobacteria and determined the sequence of the selC homo-

logous gene from Proteus (P.) vulgaris; an organism only dis-

tantly related to E. coli. We show that the organisms tested

contain a gene homologous to the E. coli selC gene, that the

Proteus selC gene sequence displays all the structural char-

acteristics unique to the E. coli gene product and that the

selC gene product from P. vulgaris is functional in E. coli.

MATERIAL AND METHODS

Bacterial strains and plasmids

The bacterial strains and plasmids used in this work are

listed in Table 1. LB medium (9) was used for aerobic growth of

bacteria; for anaerobic cultivation it was supplemented with
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Table 1. Bacteria and plasmids used

G-wtpe & cewe

E. coli

MB07 F p his-51 lac-28 rpsLlO1

selC X+
MNl like MB07 A(srl-recA)::TnlO
MC4100 F A (ar-lac)U169 flbB5301 araD139

ptsF25 deoCl relAl rpsL150 x

IFM420 like MC4100, srl::A TnlO recA56

Salmonella typhimuriun

TL117

Proteus mirabilis

Proteus vulgaris

Klebsiella pneunoniae

Klebsiella oxytoca M5al

Serratia marcescens

Enterobacter cloacae

Enterobacter aerogenes

Plasmid

pACYC184

pUC18

pM81a
ppM2b
pMb

pbpPM5

A (p )47
wild type

wild type

wild type

wild type

wild type

wild type

wild type

RPlevait imarer

R tRCan Tet

ApR lacZ' lacI'
ApR selCE lacI'

Ap selCp lacI'
~R a

Ap selCp lacI'
R sAp sel& lacIl

(24)

W. Leinfelder

(25)

(4)

(26)
DSM 30115

DSM 2140

laboratory strain

laboratory strain

laboratory strain

laboratory strain

laboratory strain

(27)

(28)

(7)

a) selCE: selC gene from E. coli
b) selC,: selC gene from Proteus vulgaris

0.4 % (w/v) glucose. When required,
(w/v) final concentration.

Recombinant DNA techniques

nitrate was added to 1 %

Standard recombinant DNA techniques were performed as

described by Maniatis et al. (10). Size fractionation of re-
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striction enzyme-generated DNA fragments was performed by

electrophoresis in 0.8 % agarose gels; fragments were recovered

from the gel either by electroelution employing a Biometra

chamber, as recommended by the manufacturers, or by adsorption
to glass powder (11). Transformation of enterobacteria was

carried out following the RbCl procedure (12).

DNA sequencing

Sequencing of 5'- and 3'-end labelled DNA fragments was

carried out according to (13). Polylinker sites bordering the

DNA inserts to be sequenced, as well as the S I site within

the Proteus selC gene, were used for labelling.
Plate assay for formate dehydrogenase activity

The benzylviologen dye overlay technique was used in

screening transformants for formate dehydrogenase activity

(14).
In vivo labelling experiments with [75Selselenite

Labelling of cells with [ 75Se]selenite (150 - 1,500 4Ci/
pmol) was performed under anaerobic conditions employing the

technique of Cox et al. (2). Extracts of labelled cells were

subjected to SDS polyacrylamide gel electrophoresis according
to Laemmli et al. (15) and the labelled macromolecules were

visualized by autoradiography.

Preparation and aminoacylation of tRNA

Bulk tRNA was prepared from the 100,000 g supernatant by

phenol extraction and fractionated isopropanol precipitation

(16). The purity of the preparation was checked by agarose gel

electrophoresis. 100 4g of bulk tRNA was charged to completion

with the respective amino acids in the reaction mixture given

by Buckel et al. (17) using 50 ig protein of a 100,000 g

supernatant.

RESULTS

Ubiquitous distribution of the selC gene in enterobacteria

The existence of the selC gene, which codes for a tRNA

species inserting selenocysteine into proteins, was discovered

in E. coli (7); its presence in other organisms has not been

demonstrated up to now. To determine whether the pathway of

selenoprotein synthesis outlined for E. coli is of more wide-
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Fig. 1: Occurrence of a gene homologous to E. coli selC in
enterobacteria. Chromosomal DNA from the respective organisms was
fragmented with restriction endonucleases EcoRI plus SalI (lanes
1 to 9) or EcoRI, SalI plus SmaI (lanes 1' to 9'); the fragments
were separated electrophoretically, transferred to nitrocellulose
and hybridized with a radioactively labelled EcoRI/PstI fragment
(450 bp) from plasmid pMN81 (7). The lanes contain DNA from: 1/1'
E. coli MC4100; 2/2' Salmonella typhimurium TL117; 3/3' Proteus
mirabilis DSM 30115; 4/4' Proteus vulgaris DSM 2140; 5/5' Serra-
tia marcescens; 6/6' Klebsiella pneumoniae; 7/7' Klebsiella oxy-
toca M5al; 8/8' Enterobacter cloacae; 9/9' Enterobacter aero-
genes.

spread biological significance we have searched for the

existence of a gene homologous to the E. coli selC gene in

other enterobacteria. To this end, chromosomal DNA from sev-

eral genera of this family was digested with restriction

endonucleases EcoRI and SalI, which, in the case of E. coli,

produce a 2.3 kb fragment carrying the selC gene (7). Aliquots

of the digests were additionally incubated with SmaI to test

whether the SmaI site present within the E. coli selC gene is

conserved in the other organisms. Fig. 1 shows the hybridi-

zation pattern when a 450 bp fragment of plasmid pMN81 (7) is

used as a probe. Intensive signals were obtained with all the

organisms analysed which indicates that conserved sequences

homologous to selC exist and are present as a single copy on
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pPM3 ~ PM

pPMS

Fig. 2: Restriction map and subcloning strategy of the DNA frag-
ment from Proteus vulgaris carrying the selC gene. The position
of the selC encoding region is boxed in the map of plasmid pPM5.

the chromosome. The SmaI restriction site appears to be pre-

sent only in the hybridizing fragment from Salmonella typhi-
murium (lane 2') and from the two Klebsiella species (lanes 6'

and 7') which, taxonomically, are closer to E. coli than the

other organisms tested (18).

Cloning and nucleotide sequence of the Proteus vulgaris selC

gene

The P. vulgaris selC gene was chosen for a more detailed

analysis since (i) this organism is only distantly related to

E. coli (GC content of 39 % relative to 52 % for E. coli) (18)
which increases the probability of variations in functionally

non-essential sequence positions, and (ii) its selC gene is

located on a conveniently short 1.6 kb DNA fragment (Fig. 1,

lane 4). A fragment of this size was also detected in a

Southern hybridization of P. vulgaris chromosomal DNA digested

with endonuclease EcoRI alone (data not shown).
For cloning of the P. vulgaris selC gene, chromosomal DNA

of this organism was digested with EcoRI and size-separated in

agarose gels. Fragments of the appropriate size were extract-

ed, ligated into the multilinker site of vector pUC18 and the

ligation mixture was used for transformation of E. coli MN1

(selC). The transformants were screened for formate-dependent

benzylviologen reduction with the aid of the plate dye overlay

technique (14). Four transformants were obtained which had

acquired plasmids with identical 1.6 kb EcoRI inserts. Upon

retransformation of MN1 they restored to this strain formate
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a -35 -10

CTTGGGATTAAAAATkATTCAGTGTATAATCATCTCGTCATTTCCTTTTGACCCATTCAAAAAT

GATGTAGAAACTCAAGGAAGTAGCTATAAT--GCGCCCCGCCTCCATGTAGCA-ATCGAGGCGC

GGAAGATCATCGTCCCCGGTGGGGCGGCTGGACTTCAAATCCAGATGGGGCCGCCAGCGGTCCT

GGAAGATCGTCGTCTCCGGTGAGGCGGCTGGACTTCAAATCCAGTTGGGGCCGCCAGCGGTCCC

TGGCAGGTTCGACTCCTGTGATCTTCCGCCAATTAAGTTCAATACAACTCCACAAAACTCAAGT

5GGCAGGTTCGACTCCTGTGATCTTCCGCCAAAATGCCTCTCCTGACGTTCTCCAACCCCTTGT

AATCCCTTATAATACCAGCCATTAAI!ACACTTCCC

AATACTGTCAATCCAGATATTTTCTACTGCTCAAI

3.

A
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Fig. 3: Comparison of the selC genes from E. coli and Proteus
vulgaris. (a) Alignment of the primary structures showing the
non-coding strand in the 5' to 3' direction. The positions con-

served in the two sequences are denoted by asterisks; the coding
area and putative promoter motifs are underlined. (b) Putative
secondary structures of the selC gene products; non-identical
sequence positions are boxed. Numbers are according to the
standard nomenclature (20).

dehydrogenase activity and the capacity for gas formation. The

physical map of the insert of one of these plasmids, pPM2, is

given in Fig. 2 together with the subcloning strategy which

ultimately delivered plasmid pPM5 carrying a 0.8 kb insert

still capable of complementing the selC lesion of MN1. Further

subcloning revealed that the 366 bp DdeI-HindII fragment (see

Fig. 2) cloned into plasmid pACYC184 expressed the complement-

ing gene product, whereas restriction at the StyI site led to

loss of complementation (data not shown).

The nucleotide sequence of the insert of plasmid pPM5 was
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Table 2. Amino acid acceptance activity of bulk tRNA prepared

from E. coli FM420 carrying plasmid pUC18, pPM5 or pMN81

Eawnm souxea anir acid pmoles amnio acid chargd to
100 pg tIlNA

p1=8 pPI4 pMN81

E. coli FM420 serine 63 106 180

phenylalanine 61 40 59

cysteine 20 17 n.d.b
leucine 115 73 n.d.

glycine 71 40 n.d.

alanine 80 53 n.d.

tryptophan 120 66 n.d.

aspartic acid 72 45 n.d.

P. vulgaris serine 59 104 172

phenylalanine 46 33 55

tryptophan 108 57 n.d.

a) 50 ig protein of a 100,000 g supernatant
b) n.d.: not determined

determined (Fig. 3a). The insert contains a stretch of DNA

which is homologous to the E. coli selC gene sequence. There

are only six nucleotide positions within the coding region

which are different in the Proteus putative selC gene sequence

when compared to that of E. coli; the sequence similarity

breaks down to statistically insignificant levels upstream and

downstream of the coding area. Fig. 3b illustrates that the P.

vulgaris selC gene product can form a secondary structure

identical to that of the E. coli selC gene product.

The P. vulgaris selC gene product functions in E. coli

The initial biochemical evidence which indicated that the

P. vulgaris selC gene product is functional in E. coli came

from the fact that the formate dehydrogenase lesion of mutant

MN1 from E. coli was relieved by the cloned Proteus selC gene.
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Fig. 4: Functional compatibility of the E. coli and Proteus
vulgaris selC gene products. (a) [75Se]selenium labelling of an-
aerobically grown P. vulgaris cells. Lane 1: growth in the ab-
sence of external electron acceptors; lane 2: growth in the pre-
sence of 1 % nitrate. (b) 75Se incorporation into the seleno-
polypeptides of FDHH and FDHN by the selC mutant MN1 carrying
vector pUC18 (lane 1), and by MN1 carrying the plasmids pPM5
(lane 2) and pMN81 (lane 3) which harbor the Proteus vulgaris and
E. coli selC gene, respectively. Growth was in the absence of
electron acceptor.

This functional compatibilty was analysed in more detail by
testing whether the selC gene from this organism codes for a

tRNA species which is aminoacylated by L-serine. Bulk tRNA was

prepared from E. coli FM420 harboring plasmids pUC18, pPM5 or

pMN81, and charged to completion with either one of several
radioactive amino acids using 100,000 g extracts from E. coli
or P. vulgaris (Table 2). The results show that the presence
of the selC gene from E. coli or P. vulgaris on a multicopy
plasmid specifically increased the acceptor activity for L-
serine. Finally, it was analysed whether introduction of the
Proteus selC gene into E. coli MN1 restored this strains'
capacity for synthesis of the 80 kD and 110 kD selenoproteins.
Fig. 4a shows that P. vulgaris, like E. coli, synthesises two

selenopolypeptides which exhibit the same respective regulatory
characteristics. Part (b) demonstrates that MN1 is pleiotropi-
cally defective in the formation of these selenoproteins and
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that transformation with plasmids carrying the selC gene re-

stored selenoprotein formation, irrespective of whether the

gene was from E. coli or P. vulgaris.

DISCUSSION

The selC gene product, tRNASeA, is the key molecule in the

biosynthesis and co-translational incorporation of seleno-

cysteine. Selenocysteine is formed from an L-serine residue

charged to this tRNA (7, 8), which inserts this unusual amino

acid into the polypeptide chain at the position of an in-frame

UGA codon of the message (4, 5). Therefore, tRNASer must pos-UCA
sess primary and secondary structural features which ensure (i)
that only the particular serine residue charged to it (and not

to any cognate serine-specific tRNA) is converted to seleno-

cysteine, and (ii) that the particular UGA codon of the message

is differentiated from a normal UGA termination codon. The

latter effect could be envisaged as taking place either via a

direct interaction of some part of the tRNA molecule with the

message or the ribosome or, alternatively, via some structural

feature which alters the interaction pattern of this tRNA with

translation factors (19).
Any of the unique structural features reported for the

selC gene product (7) could be involved in these processes,
particularly since they are conserved in the structure of the

Proteus gene product: (i) By an A - U insertion the amino-

acyl-acceptor stem of the selC tRNA from both organisms is

extended to eight base pairs; (ii) both molecules contain an

anticodon able to read the UGA codon; (iii) the Proteus tRNA
displays the same deviations in invariant and semi-invariant
nucleotides as the E. coli tRNAer. These are in particular:UCA
the lack of a uridine in the position 8 (standard nomen-
clature) which is occupied by a G (E. coli) or A (P. vulgaris)
and the presence of a purine-pyrimidine pair in positions 11/24
and of two pyrimidine residues in positions 14 and 15 (standard
nomenclature).

The Proteus selC sequence differs from the E. coli one in
six out of 95 nucleotides. Three base changes are located at
the base of the extra arm; they are responsible for loss of the
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SmaI restriction site which is present in the E. coli selC

gene. The other three nucleotides, which are invariant in other

tRNA species, involve an exchange of U8 by a purine and U14 to

c14 and A21 to G21 transitions. It is interesting to note that

none of the latter interspecies sequence differences match the

consensus situation (20), thus reinforcing the notion that

these deviations from consensus are functionally essential. It

appears that the alterations in positions 14 and 21 (E. coli

versus P. vulgaris) represent compensatory base changes within

an extended D stem. Such a long five (or even six) base pair

stem region of tRNASer deviates from the three base pairs found

in all other serine acceptor tRNA's from E. coli (21). A simi-

lar alternative tRNA structure has also been suggested for the

mammalian opal suppressor tRNA by Hatfield and coworkers (22).
Comparison of the selc gene product with other serine

accepting tRNA species strongly supports the contention that

the end of the amino acid acceptor stem participates in

recognition by seryl-tRNA ligase (23). Identification of the

biochemical function of other parts of tRNASe, especially of

the unique structural features, must await the synthesis and

analysis of mutant molecules.

The results reported demonstrate that the unique mechanism

of selenocysteine incorporation is not restricted to E. coli

but occurs in other organisms. In view of recent results which

indicate that the 0-phoshorylseryl-tRNA from mammals actually

inserts selenocysteine (29), it appears that the pathway of

selenocysteine synthesis from a serine residue charged to tRNA,

and the co-translational mode of incorporation, is phylogeneti-

cally old and has been conserved as a uniform biochemical pro-

cess in different cell lineages.
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