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The DNA sequence of the valS gene from Lactobacillus casei and the predicted amino acid sequence of its
valyl-tRNA synthetase product have been determined. An open reading frame coding for a protein of 901
amino acids was found. A clone containing the intact L. casei valS gene functionally complemented the
temperature-sensitive growth of the valS mutant strain 236c of Escherichia coli. The valS gene and the
downstream folylpolyglutamate synthetase gene are transcribed in the same direction but are separated by a

putative transcription terminator.

Amino acyl-tRNA synthetases catalyze the attachment of
amino acids with their cognate tRNAs. The structures of
these enzymes are quite diverse, but they can be divided into
two classes which are distinguished by consensus amino acid
sequences (6-8). Class I synthetases have the consensus
sequences HIGH and KMSKS, associated with the Ross-
mann fold for binding ATP (16). These enzymes aminoac-
ylate the 2' OH of the terminal nucleotide of the tRNA. Class
II synthetases have up to three sequence motifs in common,
distinct from those of class I enzymes, and they aminoac-
ylate the 3' OH of the terminal nucleotide (6). Within the
class I synthetases, valyl-tRNA synthetases (VRS) have
been shown to have additional sequence similarity beyond
the general consensus sequences to isoleucyl-tRNA syn-
thetases and, to a lesser extent, to the leucyl- and methionyl-
tRNA synthetases (2, 12). Of these last two proteins, a
high-resolution X-ray structure has been determined for the
methionyl-tRNA synthetase (5).
We have recently cloned the Lactobacillus casei gene

encoding folylpolyglutamate synthetase (FPGS) (23). To
determine whether there are coregulated genes or genes
encoding enzymes with related functions, we have se-
quenced over 2.7 kb of the genomic DNA located upstream
of the FPGS gene. A long open reading frame was found in
this region. Comparison of the DNA and predicted amino
acid sequences with those found in the GenBank data base
revealed that the gene product has a high degree of homol-
ogy to the product of the VRS gene of Bacillus stearother-
mophilus (VRSBS) and a lesser degree of homology to the
product of the Escherichia coli VRS gene (VRSEC). In this
study, we report the cloning, nucleotide sequence, and
expression of the L. casei valS (VRSLC) gene and compar-
ison of the predicted amino acid sequence with those of
other VRS.

Cloning and sequencing of the valS gene. We have previ-
ously reported the DNA sequence of the L. casei FPGS
gene, as well as 650 bp of upstream sequence (23). This
sequence was obtained from plasmid pGT3, a 3.7-kbp
BamHI-PstI subclone of pGT1. Plasmid pGT1 contains 5
kbp of L. casei genomic DNA (Fig. 1) (23). The DNA
sequence of the entire pGT1 plasmid insert was determined
by the dideoxynucleotide termination method described by
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Sanger et al. (21) with at-35S-dATP (Amersham) and T7 DNA
polymerase (Sequenase) and with double-stranded plasmid
DNA templates prepared by the procedure described by
Kraft et al. (14). Residues 1453 to 3261, indicated in Fig. 2,
are derived from pGT1. Analysis of this sequence revealed
an open reading frame of 1.7 kb, and comparison of the
predicted amino acid sequence with those in the GenBank
data base, performed with the MacVector program (IBI),
showed a high degree of homology with VRSBS (2). Com-
parison of the two sequences predicted that the L. casei gene
was incomplete, lacking 950 bp at the 5' end. To isolate the
remainder of the gene, we electroeluted a 400-bp fragment
from the 5' end of pGT1 (corresponding to the NcoI-BamHI
fragment shown in Fig. 1) from a polyacrylamide gel for use
as a probe. The probe was labelled with [a-32P]dCTP or
(ac-32P]dATP by the random-primer procedure (9), with the
Klenow fragment of DNA polymerase I, and the probe was
used to screen our L. casei genomic library (23) by colony
blot hybridization (18). DNA was transferred to nitrocellu-
lose or nylon membranes and hybridized as described by
Southern (22) at 650C. One positive clone was identified
(pGT5; Fig. 1). This clone was analyzed by restriction
mapping and sequencing from both ends of the insert. An
EcoRI-NcoI fragment from pGT5 was used to rescreen the
L. casei genomic library. Two additional clones were ob-
tained (pD5 and pC10; Fig. 1), and of these, pD5 was found
to contain the full-length valS gene, as well as the full-length
FPGS gene.
The strategy used to determine the DNA sequence of the

valS gene is shown in Fig. lb. Sequence information was
obtained from the ends of the plasmids described above as
well as from subclones obtained by deletion at the restriction
sites indicated in Fig. 1. All sequences shown were obtained
for both strands, except bases 1 to 156, corresponding to the
5' untranslated region of the valS gene, which were deter-
mined for only one strand with pC10 as the template. The
open reading frame corresponding to the valS gene contains
2,703 bp and predicts a protein product of 901 amino acids
(Fig. 2) with a predicted molecular mass of 103,143 Da. Of
the sequence shown, 481 bp at the 3' end have been reported
previously (23).

Analysis of plasmid-encoded gene products in maxicells.
The full-length clone, pD5, and pUC13 (24) were trans-
formed into E. coli DR1984 (recA uvrB) (19) by the method
described by Hanahan (11), and the plasmid-dependent

2475



2476 NOTES

a
N B S B N B BHS EH S

I II
__L.V 11~ FG

*_.

Ikb

C S B N BEvNa BCNaH S
II I

- - -
x- - 4- - -.

500 bp
FIG. 1. Cloning, restriction map, and sequencing strategy of the

valS gene. (a) The upper section is a restriction map of the segment
of L. casei genomic DNA contained in the overlapping clones shown
below as solid bars. The large open boxes represent open reading
frames, and names are given inside the boxes for those products
whose functions are known. The narrow bars with broken lines
above them represent DNA fragments of the clones shown above
that were used as probes to isolate the clones shown below. (b) The
region of L. casei DNA that was sequenced is shown with an
expanded restriction map. The solid bar represents the open reading
frame of the valS gene. The solid arrows show stretches of sequence
determined from single templates. Arrows beginning at vertical bars
represent sequences determined from plasmids deleted at the re-
striction site denoted by the bar. If the vertical bar is not present, the
sequence was determined from the end of a subclone (upper section)
originating at a Sau3AI site not shown on the map. The arrow at
right originating at a solid square represents sequence determined
from a specific primer which was previously described (23). Restric-
tion enzyme abbreviations are as follows: N, NcoI; B, BamHI; S,
SphI; H, HindIII; E, EcoRI; Na, Narl; Ev, EcoRV; C, ClaI.

proteins were labelled with [35S]methionine and cysteine
(Translabel; ICN Pharmaceuticals) according to the method
described by Sancar et al. (20). Gel electrophoresis with 13%
polyacrylamide gels was performed according to the method
described by Laemmli (15), and the protein bands were
visualized by fluorography. A labeled protein band with an
Mr of 100,000 was observed (Fig. 3, lanes 3 and 4), in good
agreement with the value predicted for VRSLC; in addition,
bands with M, values of 43,000 (FPGS) and 30,000 (13-
lactamase) were observed.
Complementation studies. Plasmid pD5 was transformed

into E. coli strain 236c, which is temperature sensitive for
VRS and is unable to grow at 420C (3), and into E. coli SF4
(foiC strA recA TnlO::srlC), which is deficient in folylpoly-
glutamate synthetase-dihydrofolate synthetase (1, 10), to
test for complementation of vatS and foiC deficiencies,
respectively. Strain 236c/pD5 was able to grow at 420C,
indicating that the plasmid expressed a functional VRS.
Strain SF4/pD5 grew on Vogel-Bonner minimal medium (25)
lacking methionine, indicating that FPGS was also ex-
pressed. The direction of transcription of both L. casei genes
in this plasmid was opposite to that of the lac promoter,
suggesting that both genes are transcribed from endogenous
promoters. A putative promoter upstream of the FPGS gene
has been previously identified by primer extension experi-
ments, although it lacks a recognizable -35 sequence (23).
Figure 2 shows that a canonical -10 promoter sequence is

found at -278 to -273 relative to the predicted ATG start
codon of the valS gene. The sequenceTTGACC at -301 to
-296 contains five of the six consensus bases for the -35
promoter sequence, with an optimal spacing of 17 bp be-
tween this sequence and the -10 promoter sequence. These
consensus sequences suggest a strong promoter, but we
have not tested these predictions experimentally, except for
the expression studies in E. coli described above. A region of
dyad symmetry predicting a stem-loop structure followed by
seven T residues strongly resembling a rho-independent
transcription terminator is located 77 to 45 bp upstream of
the predicted start codon for the vatS gene, between the
putative promoter and the start codon.This may attenuate
the expression of the vatS gene. We have not investigated
this possible regulation, but no open reading frames that
might correspond to short leader peptides are present in the
5' untranslated region overlapping this stem-loop structure.
A second stem-loop structure followed by six T residues is
located39 bp downstream of the predicted stop codon for
the valS gene and may constitute the transcription termina-
tor for the gene. Our results suggest that the vatS gene is a
single transcriptional unit, although we have not tested for
termination experimentally.
Amino acid similarity comparisons. We have compared the

predicted amino acid sequence of VRSLC with those of
previously reported genes encoding VRSBS (2), VRSEC
(12), and VRSSC, the product of the VASJ gene from
Saccharomyces cerevisiae (13), by using the MacVector
program (IBI) and manual adjustment. Alignments were also
based on a previously published comparison of VRS (12).
Those residues of the VRSLC which are identical in all four
VRS proteins are shown as shaded residues in Fig. 2. The
overall amino acid identity among all four synthetases is
25%. The highest degree of similarity is 60% identical amino
acid residues with VRSBS, compared with 41% identity with
VRSEC and 38% with VRSSC. If functionally conservative
changes are considered, the similarity is 69% for VRSBS,
54% for VRSEC, and 49% for VRSSC (data not shown). The
VRSLC is clearly more closely related to the VRSBS than to
the other VRS proteins, both from the overall higher number
of identical residues and from the fact that no deletions or
insertions need be postulated to align the proteins, compared
with several that are required to align them with the E. coli
and yeast enzymes (data not shown).
The Rossmann nucleotide binding fold is the characteristic

structural feature of class I amino acyl-tRNA synthetases,
which include the VRS enzymes (8). The X-ray crystal
structure of the large fragment of E. coli methionyl-tRNA
synthetase (MRSEC) bound to ATP (5) shows that the
nucleotide binding fold consists of five parallel 1-strands
surrounded by five a-helices. The signature sequences,
HIGH and KMSKS, are both located on loops that contact
the binding fold. The VRSEC and MRSEC enzymes have an
overall amino acid identity of 20% and a functional similarity
of about 40% per unit length (12). The VRS enzymes have
blocks of conserved residues, which can be used to align
them with homologous regions of MRSEC. The loop con-
taining the HMGH sequence of the VRSLC, which is
homologous to the HIGH consensus sequence, is preceded
by residues with a high probability of forming a 13-sheet and
is followed by an a-helix and another 13-sheet in the same
relative positions as similar structures found in MRSEC. The
a-helix and the loop contain conserved amino acid residues
that can be aligned with MRSEC; however, the 3-sheets do
not, although these 13-sheets are found in identical positions.
This suggests that the a and 13 structures making up the
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3261 GGCACCGCTGAAGTAGTCATCAGAGGTATCCCTCCGGTGGATCTAGGCGCCCGTAGCAAT
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3241 GGTTAAAGCATGCCGCAAGCA

FIG. 2. Nucleotide sequence of the L. casei vatS gene and flanking regions. The deduced amino acid sequence of the VRS is shown above
the nucleotide sequence. The consensus -10 and -35 putative promoter sequences 5' to the open reading frame are overlined. The deduced
Shine-Dalgarno sequence is indicated by overlining. Potential terminator sequences in the 5' and 3' noncoding regions are indicated by
converging arrows. The termination codon is indicated with a dash. Amino acid residues that are identical to those in the other three reported
vatS genes, VRSBS, VRSEC, and VRSSC, are shaded. The consensus HIGH and KMSKS sequence motifs for class I tRNA synthetases are
double underlined.
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FIG. 3. Expression of plasmid-dependent proteins in maxicells.
E. coli DR1984 cells were transformed with plasmid D5 (lanes 3 and
4) or pUC13 (lanes 1 and 2), and extracts were analyzed by
electrophoresis on sodium dodecyl sulfate-13% polyacrylamide gels
and by autoradiography. The positions of the gene products encoded
by the plasmids are indicated by arrowheads at right. The positions
of coelectrophoresed standards are indicated by their molecular
weights at left.

nucleotide binding fold of the two enzymes are conserved.
The crystal structures of two other class I synthetases, the
tyrosyl- and glutamyl-tRNA synthetases, have been deter-
mined and display the same structure around the HIGH
sequences (4, 17). The KMSKS-containing loop in MRSEC
is flanked by 13-strands. The predicted structure at the
downstream P-strand position is conserved in VRSLC,
although there is no amino acid similarity. However, large
blocks of well-conserved sequence in the VRS enzymes are

absent from the MRSEC, such as that between residues 250
and 420 of VRSLC, suggesting that there are significant
differences in the overall structures of the two proteins.
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