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Staphylococcus epidermidis ATCC 14990 produces a wall-associated glycerol teichoic acid which is chemically
identical to the major wall-associated teichoic acid of Bacillus subtilis 168. The S. epidermidis tagF gene was
cloned from genomic DNA and sequenced. When introduced on a plasmid vector into B. subtilis 1A486 carrying
the conditionally lethal temperature-sensitive mutation fagF1 (rodCl), it expressed an 85-kDa protein which
allowed colonies to grow at the restrictive temperature. This showed that the cloned S. epidermidis gene encodes
a functional CDP-glycerol:poly(glycerophosphate) glycerophosphotransferase. An amino acid substitution at
residue 616 in the recombinant TagF protein eliminated complementation. Unlike B. subtilis, where the tagF
gene is part of the tagDEF operon, the tagF gene of S. epidermidis is not linked to any other tag genes. We
attempted to disrupt the chromosomal fagF gene in S. epidermidis TU3298 by directed integration of a
temperature-sensitive plasmid but this failed, whereas a control plasmid containing the 5’ end of fagF on a
similarly sized DNA fragment was able to integrate. This suggests that the tagF gene is essential and that the
TagF and other enzymes involved in teichoic acid biosynthesis could be targets for new antistaphylococcal drugs.

Wall-associated teichoic acids are a heterogeneous class of
phosphate-rich polymers that are covalently linked to the cell
wall peptidoglycan of gram-positive bacteria (2). They consist
of a main chain of phosphodiester-linked polyols and/or sugar
moieties attached to peptidoglycan via a linkage unit (1). Glyc-
erol and ribitol are the most commonly occurring polyols and
are often substituted with p-alanine or various sugar residues.
Glycosylated glycerol teichoic acids are present in coagulase-
negative staphylococci (13, 14), while glycosylated ribitol tei-
choic acids have been found in Staphylococcus aureus and
Staphylococcus saprophyticus (13). Teichoic acids containing
glycosylpolyol phosphates or sugar phosphates alone as com-
ponents of their main chains occur in Streptococcus pneu-
moniae (40) and some species of staphylococci (3), respec-
tively. The physiological function of teichoic acids is still not
clear. However, they have been implicated in the control of
autolysin activity (21), cation assimilation (7, 12, 22), and the
provision of a phosphate reserve (15).

Thus far, all of the studies concerning the genetics of tei-
choic acid biosynthesis have been performed in B. subtilis,
particularly B. subtilis 168. The major wall teichoic acid of B.
subtilis 168 is poly(glycerophosphate) [poly(groP)], and the
genes involved in the biosynthesis and translocation (fag genes)
are organized into three operons: tagAB, tagDEF, and tagGH
(30).

There is substantial evidence to support the conclusion that
the poly(groP) teichoic acid is essential for cell viability. First
of all, there is the isolation of conditionally lethal temperature-
sensitive mutants defective in the synthesis of poly(groP). Such
tag mutants exhibit a reduction in growth rate and a pro-
nounced disturbance in cell morphology at the nonpermissive
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temperature (8, 37, 38). Second, there is the failure to disrupt
the tagAB, tagDEF, and tagGH operons by insertion mutagen-
esis (29, 31, 32). Finally, there is the controlled reduction in the
expression of the tagGH operon, which resulted in a rod-to-
sphere transition in cell morphology characteristic of the con-
ditional lethal fag mutants grown under nonpermissive condi-
tions (29). Several reports indicate that wall teichoic acid also
plays an important role in cell wall integrity of gram-positive
cocei (9, 23, 35), but there have been no genetic studies to
determine whether these polymers are essential for survival.

Here we report the cloning and sequencing of the S. epider-
midis tagF gene and show that it can complement the temper-
ature-sensitive tagF'l (rodC1) mutation of B. subtilis 1A486.
tagF encodes the CDP-glycerol:poly(groP) glycerophospho-
transferase, which is responsible for the polymerization of the
main chain of the teichoic acid by sequential transfer of glyc-
erol-phosphate units from CDP-glycerol to the linkage unit
lipid (38). We also present evidence which suggests that the
tagF gene of S. epidermidis is essential.

MATERIALS AND METHODS

Bacterial strains and plasmids. Bacterial strains and plasmids used in this
study are listed in Tables 1 and 2, respectively.

Bacterial growth media and antibiotics. The media used for culture of both
Escherichia coli and B. subtilis strains was L broth (LB) or L agar (LA), supple-
mented, when required, with ampicillin (Ap) (100 wg ml~") or chloramphenicol
(Cm) (5 pg ml™Y). S. aureus and S. epidermidis strains were grown in Trypticase
soy broth (TSB) or on Trypticase soy agar (TSA) containing, when appropriate,
Cm (5 pg ml™?Y) or tetracycline (Tc) (8 pg ml™1h).

Manipulation of DNA. Standard procedures were used for DNA manipulation
(5, 42). DNA modifying enzymes were purchased from New England Biolabs and
Promega.

Degenerate oligonucleotide PCR. Degenerate oligonucleotide primers were
designed by back-translation of the amino acid sequences ILYAPT (TP3 primer)
and ITDYSSV (TP4 primer) shared between the aligned sequences of the TagB
and TagF proteins of B. subtilis (31). The sequences of the TP3 and TP4 primers
are 5'-AGCGAATTCATHYTNTAYGCNCCNAC-3' and 5'-AGCGAATTC
ACNSWNSWRTARTCNGTDAT-3', respectively (sequences incorporated into
the primers for cloning of PCR fragments are underlined). The codes for de-
generate positions are as follows: R, A+G; Y, C+T; S, G+C; W, A+T; H,
A+T+C; D, G+A+T; and N, A+G+C+T. Reaction mixtures contained 100 ng
of chromosomal DNA from S. epidermidis ATCC 14990, 2 uM concentrations of
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TABLE 1. Bacterial strains used in this study

Strain Relevant genotype Properties Source or reference
B. subtilis
1A486 leuBS tagF1 (rodCl) Mutant of 168 carrying a point mutation in the ~ The Bacillus Genetic Stock Center,
tagF gene, rendering the strain temperature Ohio State University
sensitive
BSS30 leuB8 tagF1 Cm" amyEQpDG268  1A486 with pDG268 integrated into the amyE This study
locus, temperature sensitive
BSS40 leuBS tagF1 Cm" amyEQpSC2 1A486 with pSC2 integrated into the amyE This study
locus, which allows growth at 43°C
S. aureus tarF™* Mutant of 8325-4 capable of stably maintaining 27
RN4220 recombinant plasmids
S. epidermidis
ATCC 14990  tagF™* Produces a glycerol teichoic acid chemically SmithKline Beecham
identical to that synthesized by B. subtilis 168
TU3298 tagF™* Capable of being transformed with, and stably 4

maintaining, recombinant plasmids

each oligonucleotide primer, 1.5 mM MgCl, and 2.5 U of Tag polymerase) in a
final volume of 100 pl. Thermal cycling parameters began with an initial dena-
turing step at 94°C for 4 min, followed by 30 cycles at 94°C for 1 min, 40°C for
2 min, and 72°C for 1 min.

Southern hybridization. Transfer of DNA from agarose to Magna NT nytran
membranes (Micron Separations, Inc.) and Southern hybridization with 32P-
labeled probes were performed by standard procedures (5). Probes were pre-

pared by random primer labeling of purified DNA fragments with [a-*’P]dATP
by using the Prime-A-Gene kit (Promega). Autoradiography was performed by
using X-Omat S film (Eastman Kodak Co.).

Colony hybridization. Colony hybridization was performed by the method of

Hanahan and Meselson (18).

TABLE 2. Plasmids used in this study”

DNA sequencing and analysis. Progressive unidirectional deletions of the tagF
locus were constructed by using the Erase-a-Base Kit (Promega). Nested dele-

Host strain and plasmid

Relevant markers
and/or phenotype

Properties

Source or reference

E. coli
pGEM-7Z(f)*
pGN23
pGN333
pGDH3
pBluescript
pBN23
pBH17

pBCP55

pBSKTI13

pGEX-KG
pGEX-2

B. subtilis and/or E. coli

pHPS9
pFC10
pFCTH3
pDG268
pSCs

S. aureus, pT181

S. aureus and/or S. epidermidis

pTS2
pTS2T

pTSTAG
pTSH17

Ap"
Ap*

Ap"
Ap”
Ap*
Ap”
Ap"

Ap”

Ap”
Ap*
Ap”

Cm"

Cm"

Cm*

Cm" Ap*

Cm" Ap®

Cm" Tc*

Cm', s rep
Cm" Tc', ts rep
Cm" Tc¢', ts rep

Cm" Tc', ts rep

Cloning vector

2.3-kb Nsil chromosomal fragment of the S.
epidermidis tagF locus in pPGEM-7Z(f)*

333-bp Nsil chromosomal fragment of S.
epidermidis tagF in pGEM-7Z(f)*

1.56-kb ClaI-Nsil internal fragment of the S.
epidermidis tagF ORF in pGEM-7Z(f)*

Cloning vector

2.3-kb insert from pGN23 in pBluescript

1.77-kb HindIII fragment from pBCP55 in
pBluescript

5.5-kb Clal-PstI chromosomal fragment from S.
epidermidis with the 3’ region of tagF and
adjacent downstream sequence in pBluescript

2.35-kb HindIII Tc" fragment from pT181 in
pBluescript

GST fusion-protein expression vector

GST-'TagF fusion protein expression vector

Shuttle vector for cloning in E. coli and B. subtilis

3.26-kb S. epidermidis tagF locus in pHPS9

3.26-kb tagF locus with a 2-bp mutation in the tagF
OREF, in pHPS9

Integrational plasmid for complementation analysis
in B. subtilis

3.26-kb S. epidermidis tagF locus in pDG268

Carries a 2.35-kb HindIII Tc" fragment

Derived from pTVlss

pTS2 containing the 2.35-kb HindIII Tc" fragment
from pBSKT13

1.56-kb internal tagF fragment from pGDH3
cloned in the MCS of pTS2T

1.77-kb fragment from pBH17, cloned in the MCS
of pTS2T

Promega
This study

This study
This study
Stratagene
This study
This study

This study

This study
16
This study

17

This study

This study

P. Stragier, Institute de biologie
physicochemique, Paris, France

This study

25

This laboratory, MSC from pBluescript
This study

This study

This study

¢ MSC, multiple cloning site; ts rep, temperature-sensitive replication system.
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tions were made in both directions in two overlapping clones, pBN23 and
pBH17, which spanned the tagF locus. The sequencing reactions were carried out
by the cycle sequencing method with the Flash Dye Primer Sequencing Kit
(Genpak) and analyzed on a model 373A sequencer (Applied Biosystems).
Homology searches were performed by using the various BLAST algorithms
available at the National Center for Biotechnology Information (NCBI) site.
Protein sequence alignments were performed by using the subprogram PALIGN
of PC/GENE (Intelligenetics) and the CLUSTAL W algorithm accessible at the
Baylor College of Medicine Human Genome Sequencing Center web site.

Transformation. S. aureus and S. epidermidis cells were transformed by elec-
troporation by the procedures of Oskouian and Stewart (33) and Augustin and
Gotz (4), respectively. Electroporation was performed with a Bio-Rad Gene
Pulser equipped with a pulse controller (Bio-Rad Laboratories). Competent E.
coli XL1-Blue (Stratagene) and B. subtilis cells were prepared and transformed
by the procedures of Chung and Miller (10) and Karamata and Gross (24),
respectively.

Construction of a site-directed mutation in the S. epidermidis tagF gene. A
436-bp fragment was amplified by PCR from pFC10 template DNA by using the
oligonucleotide primers 5'-ATAATGACGTCTCTGAATTATTTTTAATALttT
GATTGTTTAATTAC-3' (forward) and 5'-AATTTCAATTAAAATATTAAA
AAGGGC-3' (reverse), as well as VENT DNA polymerase. The forward primer
contained altered bases (lowercase lettering) and an AatII restriction site close to
the 5' terminus (underlined).

The 436-bp PCR product was purified from an agarose gel by using the Wizard
PCR Purification System (Promega) and blunt-end ligated into pBluescript,
which had been digested with EcoRV, to form plasmid pBMA3. pBMA3 was
subsequently digested with EcoRV and Aarll to release a ca. 330-bp fragment
that contained the altered bases and ligated with pFC10, which had also been
digested with EcoRV and AatlI to release the wild-type ca. 330-bp fragment. The
2-bp change in the mutant fagF gene created an Sspl restriction site not present
in the wild-type allele. Hence, the plasmid carrying the mutated gene (pFCTH3)
could be distinguished from pFC10 by differences in the electrophoretic profile
of restriction fragments produced by each construct following digestion with
Sspl. The mutated region of the fagF gene present in pFCTH3 was sequenced to
ensure it was correct.

Overexpression and purification of the GST-TagF fusion protein. In order to
overexpress and purify a region of the S. epidermidis TagF protein, primers
5'-TACGGATCCAAAGTTAATCAATTTAG-3' (GF1) and 5'-TACAAGCTT
TTATCATTGTTCCTTG-3' (GF2) were used to PCR amplify the region of the
tagF gene encoding the 407 carboxyl-terminal amino acids of TagF and the two
termination codons. Plasmid pFC10 was used as template DNA with VENT
DNA polymerase and 30 temperature cycles of 94°C for 1 min, 55°C for 1 min,
and 72°C for 2 min 30 s. Primers GF1 and GF2 have 9-bp extensions at their 5’
ends, which include restriction sites (underlined) to facilitate cloning. The PCR
product was purified with the Wizard PCR Purification System (Promega), di-
gested with HindIll and BamHI and ligated in frame with the glutathione
S-transferase (GST) coding sequence of pGEX-KG to form pGEX-2 (GST-
"tagF). pGEX-2 expressed a fusion protein in E. coli XL1-Blue of the predicted
molecular mass following induction with isopropyl-B-p-thiogalactoside (IPTG).

The GST-'TagF fusion protein was expressed from a 200-ml culture of expo-
nentially growing (A4, between 1 and 2) E. coli XL1-Blue by the addition of
IPTG to a concentration of 100 pM and incubation at 37°C at 250 rpm for 4 h.
Cells were harvested by centrifugation at 10,000 X g for 10 min and resuspended
in 20 ml of ice-cold phosphate-buffered saline (PBS; Oxoid) containing DNase I
(40 pg ml~'), RNase A (40 pg ml~"), and 2 mM phenylmethylsulfonyl fluoride.
Cells were lysed by passage through a French press. Cell debris was removed by
centrifugation at 30,000 X g for 10 min. The fusion protein was purified from the
supernatant by batch affinity chromatography by using the Bulk GST Purification
Module (Pharmacia) according to the manufacturer’s instructions. Purified fu-
sion protein was analyzed by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE).

Antibody generation and purification. Next, 500-ul samples of the purified
GST-'TagF fusion protein (60 pg of protein ml™') were emulsified in equal
volumes of Freund complete adjuvant and injected subcutaneously into two New
Zealand White rabbits, from which preimmune serum had previously been
taken. Following two booster injections of 20 pg of fusion protein emulsified in
Freund incomplete adjuvant, at 14-day intervals, the rabbits were sacrificed and
bled out. Antibodies were purified from the serum by the procedure described by
Owen (34).

SDS-PAGE and Western immunoblotting. SDS-PAGE was performed by
standard procedures (28). The stacking and separating gels consisted of 4.5%
(wt/vol) and 10% (wt/vol) 19:1 acrylamide-bisacrylamide, respectively. Following
SDS-PAGE, gels were stained with Coomassie blue stain or transferred to
nitrocellulose membranes (Millipore) by using a semidry blotter (Bio-Rad Trans-
blot SD). Membranes were blocked overnight at 4°C in PBS containing 5%
(wt/vol) skimmed milk (Marvel). After incubation with anti-GST-'TagF antibod-
ies (1:2,000 in 5% skimmed milk) followed by incubation with horseradish per-
oxidase-conjugated anti-rabbit immunoglobulin G antibodies (Sigma) (1:1,000 in
5% skimmed milk), the TagF mutant and wild-type proteins were detected by
using the enhanced chemiluminescence Western blotting reagent kit (Amer-
sham) according to the manufacturer’s instructions.

J. BACTERIOL.

Detection of plasmid integration by PCR. Oligonucleotide primers, TQ1 and
TQ2, were designed to detect chromosomal integration by homologous recom-
bination of plasmids pTSTAG and pTSH17. The nucleotide sequences of prim-
ers TQ1 and TQ2 are 5'-CGTTTAAGTGCTAAAGAAGTTGTAGG-3' and
5'-GGAAATACAACGCATTTAC-3', respectively. Primer HD1 hybridizes at a
region 67 bp downstream from the last codon of tagF and was used in combi-
nation with primer TQ?2 as a positive control. The nucleotide sequence of primer
HD1 is 5'-AATTTCAATTAAAATATTAAAAAG-3'.

Efficiency of plating. Strains of S. epidermidis TU3298 carrying the plasmids
pTS2T, pTSH17, and pTSTAG were grown overnight at 30°C in TSB with Cm
selection (5 pg ml™!) and then plated on TSA containing Tc (8 pg ml™') at 45°C
(restrictive temperature) and 30°C (permissive temperature). The efficiency of
plating was determined as the proportion of colonies growing at 45°C compared
to that growing at 30°C. At the restrictive temperature the plates needed to be
incubated for 36 to 40 h before colonies were visible.

Nucleotide sequence accession numbers. The GenBank accession numbers of
the S. epidermidis tagF locus and the partial sequence of the lctP gene are
AF162863 and AF162862, respectively.

RESULTS AND DISCUSSION

Identification of the S. epidermidis tagF gene. S. epidermidis
ATCC 14990 produces a wall-associated glycerol teichoic acid
which is chemically identical to the major wall-associated tei-
choic acid produced by B. subtilis 168 (J. Lonsdale [SmithKline
Beecham], personal communication). It is reasonable to as-
sume that the biosynthetic pathway leading to the production
of this teichoic acid is identical or very similar in both organ-
isms. For this reason, strain ATCC 14990 was chosen for iso-
lating genes involved in glycerol teichoic acid synthesis. Using
degenerate primers corresponding to shared amino acid se-
quences in the B. subtilis TagB and TagF proteins, genomic
DNA from S. epidermidis strain ATCC 14990 was amplified by
PCR, and a 260-bp PCR product was obtained. Sequence anal-
ysis of translated open reading frames (ORFs) revealed signif-
icant similarity with parts of the ORFs of both the TagF pro-
tein (P = 6.4 X e ") and to a lesser extent the TagB protein
(P = 8.4 x e %) of B. subtilis 168. It was therefore thought
likely that this fragment represented part of the S. epidermidis
tagF gene.

Cloning the S. epidermidis tagF gene. The S. epidermidis tagF
PCR product contains a single Nsil restriction site. When
genomic DNA from S. epidermidis ATCC 14990 was cut with
Nsil and hybridized with the **P-labeled tagFF PCR product,
two reactive bands appeared. The larger was ca. 2.3 kb in
length, and the smaller was ca. 330 bp in length. Both frag-
ments were isolated from a plasmid gene bank which had been
constructed in pBluescript from ATCC 14990 genomic DNA
cut to completion with NsiI. Reactive clones were identified by
colony hybridization, and plasmids pGN23 and pGN333 con-
taining the 2.3-kb Nsil fragment and the 330-bp Nisil fragment,
respectively, were isolated.

Mapping the tagF gene. The orientation of the two Nsil
fragments was determined by sequencing both ends of each
fragment. The fragment cloned in pGN333 was 333 bp long
and lay downstream from the 2.3-kb fragment, relative to the
direction of tagF transcription. However, pGN333 did not con-
tain the 3’ end of the gene. The fragment in pGN23 contained
the 5’ part of tagF and was contiguous to the fragment in
pGN333 (Fig. 1).

Sequence analysis of the fragment in pGN23 revealed the 3’
part of an ORF which had significant similarity (P = 5.2 X
e~ ?%) with the B. subtilis pail gene product (data not shown),
a DNA-binding protein involved in transcription regulation
(20). This S. epidermidis gene will be referred to as pall (the
“pai one-like” gene). In B. subtilis 168 the tagE gene is located
upstream of tagF within an operon comprised of the tagDEF
genes (19, 31). Therefore, the organization of the tag genes is
fundamentally different in these two organisms.
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FIG. 1. Physical map of the S. epidermidis chromosomal region containing
the tagF locus. The tagF gene is represented by the thick black arrow. Sequence
analysis of the 3’ end of the 5.5-kb fragment in pBCP55 revealed the presence of
an ORF which shares significant homology (P = 4 X e~ ) with the E. coli lctP
gene encoding L-lactate permease (11). The partially sequenced genes pall, tpgX,
and [ctP are represented by unshaded bars; the thin arrows above indicate the
direction of their transcription. Regions of DNA cloned into pGN333, pGN23,
pBCP55, pGDH3, pBH17, and pBN23 are represented by black bars. The posi-
tion of the 260-bp tagF PCR product generated with the TP3 and TP4 primers is
indicated with an asterisk. Reference restriction sites are indicated as follows: P,
PstI; N, Nsil; H, HindIII; E, EcoRV; C, Clal; A, Aatll. Dotted lines mark the
unsequenced region, which is not drawn to scale.

In order to obtain the entire tagF gene, a 5.5-kb fragment of
chromosomal DNA which overlaps the two Nsil fragments and
stretches past the 3" end (of the sense strand) of the 333-bp
fragment, was cloned in plasmid pBCP55. pBCP55 was iden-
tified by colony hybridization and isolated from a gene bank
constructed in pBluescript from ATCC 14990 genomic DNA
cut to completion with both Clal and Pst1. The 5.5-kb Clal-Pst1
fragment contains the entire 333-bp Nsil fragment and about
1.5 kb of the 3" end of the 2.3-kb Nsil fragment. Therefore,
plasmids pGN23 and pBCP55 contain overlapping fragments
of the entire fagF gene, the 3’ end of the pall gene and about
3.5 kb of DNA downstream of the 3’ end of fagF, respectively
(Fig. 1).

Sequence analysis of the tagF locus. Sequence analysis of the
3,263-bp region of DNA encompassed by the overlapping
clones in pBH17 and pBN23 revealed the entire fagF gene, the
3’ end of the pall gene and the 5’ end of a third gene, which
will be referred to as tpgX. The tagF ORF is 2,163 bp long and
encodes a predicted protein of 721 amino acids. The distance
between the 3’ end of the pall ORF and the 5’ end of the tagF
ORF is 276 bp. The distance between the 3’ end of the tagF
ORF and the first codon of the pgX gene is 132 bp. The partial
sequence of the fpgX ORF encodes the amino-terminal 140
amino acids of the predicted protein product and shares no
significant similarity with any GenBank database sequences.
The partial 5" sequence of the pall gene encodes the carboxyl-
terminal 91 amino acids of the predicted Pall protein. All
three genes are transcribed in the same direction (Fig. 1).
Twenty-four bases downstream from the UAA termination
codon of fagF is a 37-base sequence capable of forming a
potential hairpin loop structure in mRNA with a AG value of
—21.4 kcal mol~*. Immediately following this hairpin loop is a
12-base sequence rich in rU residues (data not shown).

Analysis of the S. epidermidis tagF gene product. The protein
encoded by the tagF gene from B. subtilis is 746 amino acids in
length, which is 25 residues larger than the predicted product
from the S. epidermidis TagF protein. Alignment of the two
protein sequences shows 32.7% identity over their entire
lengths. However, the carboxyl-terminal 410 amino acids of the
proteins show higher levels of identity (45.9%; Fig. 2), while
the remaining amino-terminal alignment possesses only 15.3%
identity. The carboxyl-terminal region of the S. epidermidis
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FIG. 2. Amino acid sequence alignment of the COOH-terminal regions of
the TagF proteins of B. subtilis (BS) and S. epidermidis (SE). Identical amino
acids are marked by bars, and conservative substitutions are indicated with dots.
The BLASTP algorithm was used to conduct homology searches of the protein
databases available at the NCBI site. Including the B. subtilis TagF, six gene
products show sequence alignment scores of greater than or equal to 80 with the
COOH-terminal region of the S. epidermidis TagF protein. In order of greatest
similarity, the names, species of origin, accession numbers, and references for
these gene products are as follows: TagF, B. subtilis, P13485 (19); Cps23fK, S.
pneumoniae, AAC69534 (41); TasA, S. pneumoniae, CAA59773 (26); TagB, B.
subtilis, P27621 (31); teichoic acid biosynthesis protein RodC related protein, M.
thermoautotrophicum, AAB84867 (43); and hypothetical protein 3, H. influenzae,
549240 (44). Amino acid sequence alignment of these gene products with the S.
epidermidis TagF protein was performed by using the CLUSTAL W algorithm.
The asterisks correspond to amino acid residues common to the S. epidermidis
and B. subtilis TagF proteins and at least three of the other five gene products
examined.

TagF protein also shows sequence similarities with several
other proteins (see legend to Fig. 2). It is reasonable to suggest
that the more conserved C-terminal domain contains the cat-
alytic activity and that conserved residues identified in Fig. 2
could be involved in catalyzing phosphodiester bonds during
polymerization of polyol phosphate compounds. Honeyman
and Stewart (19) suggested that the TagF protein in B. subtilis
is cytoplasmic, and the same suggestion can be made for the
TagF protein of S. epidermidis. However, this does not pre-
clude association with the membrane by interaction with pe-
ripheral or integral membrane proteins involved with teichoic
acid synthesis or translocation, for example, the TagG and
TagH proteins (29).

Complementation of the tagF1 mutation in B. subtilis 1A486
with the S. epidermidis tagF gene. B. subtilis 1A486 (tagF1) was
transformed with the vector pHPS9 as a control and with the
pHPS9-tagF* plasmid pFC10. Thus, strain 1A486(pFC10) con-
tained a chromosomally located mutant copy of the B. subtilis
tagF gene and multiple copies of the pFC10-located S. epider-
midis tagF gene. In contrast, strain 1A486(pHPS9) contained
only the chromosomally located mutant B. subtilis tagF gene.

Strain 1A486(pHPS9) and strain 1A486(pFC10) grew nor-
mally at 30°C on agar, and examination of both strains under
the light microscope revealed the normal rod-shaped morphol-
ogy of wild-type B. subtilis cells. After incubation at 42°C for
16 h, strain 1A486(pHPS9) produced small areas of very lim-
ited growth (data not shown). Microscopic examination of ma-
terial from these areas revealed the irregular coccoidal cell
morphology characteristic of the TagF1 phenotype under re-
strictive growth conditions (Fig. 3A). Incubation of strain
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FIG. 3. Complementation analysis of B. subtilis 1A486 with the S. epidermidis tagF gene. Strains were grown for 16 h at 42°C on LA plates containing
chloramphenicol (5 pg ml™"). (A) Photomicrograph of strain 1A486(pHPS9) exhibiting the coccoidal morphology characteristic of the TagF1 (RodC1) phenotype. (B)
Photomicrograph of strain 1A486(pFC10) showing the restoration of the wild-type rod-shaped morphology by complementation with the S. epidermidis tagF gene. (C)
Comparison of growth of strains 1A486(pFCTH3) and 1A486(pFC10). (D) Comparison of growth of strains BSS40 and 1A486(pFC10).

1A486(pFC10) at 42°C for 16 h resulted in the growth of
colonies, and microscopic examination revealed the rod-
shaped morphology characteristic of wild-type B. subtilis cells
(Fig. 3B). Therefore, the presence of the S. epidermidis tagF
gene in pFC10 resulted in the complementation of the tagF!
mutation in strain 1A486(pFC10). This indicates that the gene
we have cloned encodes a functional CGPTase. If TagF forms
part of a multienzyme complex (6) the ability of the S. epider-
midis protein to replace the defective TagF protein in B. sub-
tilis 1A486, with which it has only 33% residue identity, sug-
gests that the interactions are not too extensive.

Transformation of B. subtilis 1A486 with a mutated S. epi-
dermidis tagF gene. A site-directed mutation in the S. epider-
midis tagF gene was constructed. The nucleotide sequence of
the fagF gene in pFCTH3 is identical to that of pFC10, except
for a 2-bp mutation at positions 1846 and 1847 of the ORF.
The mutation results in a single amino acid change, from
serine to phenylalanine, in the TagF protein. This amino acid
substitution is analogous to the fagFI mutation in B. subtilis
1A486 which is responsible for the temperature-sensitive phe-
notype (19, 36, 38).

B. subtilis 1A486 was transformed with pFCTH3. Strain
1A486(pFCTH3) was incubated at 42°C for 16 h on agar.
Growth was very poor and was limited to small patches, similar
to that exhibited by strain 1A486(pHPS9) under the same
conditions (Fig. 3C). Microscopic examination of material
from one of these patches revealed the coccoidal cell morphol-
ogy characteristic of the TagF1 phenotype at the restrictive
temperature (data not shown). Thus, the mutation in the tagF
gene present in pFCTH3 abolished complementation of the
tagF] mutation in strain 1A486(pFCTH3) and confirms the

finding described above that the gene we describe is involved in
S. epidermidis wall teichoic acid biosynthesis.

Integration of a single copy of the S. epidermidis tagF gene
into the amyE locus of B. subtilis 1A486. It was of interest to
determine if a single copy of the S. epidermidis tagF gene,
integrated into the chromosome of B. subtilis 1A486, would
also complement the fagF1 mutation. For this purpose plasmid
pSCS, which harbored S. epidermidis tagF on a 3.26-kb frag-
ment, was linearized before being transformed into strain
1A486. A transformant possessing the desired Amy~ Cm" phe-
notype was isolated and named BSS40. The vector pDG268
was also transformed into strain 1A486 as a control to form
strain BSS30. Thus, strain BSS40 contained a single copy of the
S. epidermidis tagF gene and a single copy of the cat gene
integrated into the chromosomal amy locus, whereas strain
BSS30 contained only a single copy of the cat gene integrated
into this locus.

At the restrictive temperature of 42°C, no complementation
of the tagF I mutation was observed with strain BSS30. Strain
BSS40 was able to grow and form small colonies, but it did not
grow as well as strain 1A486(pFC10) at this temperature (Fig.
3D). Microscopic examination of strain BSS40 grown at 42°C
revealed an oblate cell morphology intermediate between wild-
type rods and the mutant coccoidal form (data not shown).
Thus, the variation in the degree of complementation of the
tagF1 mutation shown by strains 1A486(pFC10) and BSS40 is
probably due to the difference in copy number, and hence the
levels of the S. epidermidis TagF protein present.

Western immunoblotting analysis of B. subtilis 1A486 ex-
pressing the wild-type and mutant S. epidermidis TagF pro-
teins. A protein band with an apparent molecular weight of 85
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FIG. 4. SDS-PAGE and Western immunoblot analysis of whole-cell lysates
of B. subtilis strains 1A486(pFC10), 1A486(pFCTH3), and 1A486(pHPS9). (A)
Whole-cell lysates of B. subtilis strains 1A486(pFC10), 1A486(pFCTH3), and
1A486(pHPS9), separated by SDS-PAGE and stained with Coomassie blue stain,
are shown in lanes 1, 2, and 3, respectively. A protein band of approximately 85
kDa (indicated by the arrowhead), present in lane 1 but absent from lanes 2 and
3, corresponds to the predicted molecular mass of the S. epidermidis TagF
protein (85.9 kDa). A protein band with a molecular mass slightly less than 85
kDa is present in lane 2 (indicated by the arrowhead), corresponding to the
mutated S. epidermidis TagF protein. (B) Western immunoblot analysis of whole-
cell lysates of B. subtilis strains 1A486(pFC10), 1A486(pFCTH3), and
1A486(pHPSY). The polyclonal antiserum raised against the S. epidermidis GST-
'TagF fusion protein is reactive against the wild-type and mutant S. epidermidis
TagF proteins present in lanes 1 and 2, respectively. The lysate of strain
1A486(pHPSY) (lane 3) is nonreactive.

kDa was observed by SDS-PAGE analysis of a whole-cell lysate
of B. subtilis 1A486(pFC10). The 85-kDa protein band corre-
sponded to the size of the predicted TagF protein of S. epider-
midis (85851 Da). This protein was present in relatively large
amounts in the lysate of strain 1A486(pFC10) (Fig. 4A, lane 1).
A whole-cell lysate of B. subtilis 1A486(pFCTH3) revealed the
presence of a band that migrated slightly faster than that in
1A486(pFC10). This protein was present in relatively large
amounts (Fig. 4A, lane 2). Both of these bands were absent
from the lysate of B. subtilis 1A486(pHPSY) (Fig. 4A, lane 3).
Western immunoblotting with anti-GST-'TagF antibody (Fig.
4B) indicates that the 85-kDa protein is S. epidermidis TagF.

The relatively large amounts of the wild-type and mutant S.
epidermidis TagF proteins present in these lysates can be ac-
counted for by the fact that the tagF genes were cloned down-
stream from the strong P59 lactococcal promoter present in
vector pHPS9 and are present on a multicopy plasmid (17).

Attempted disruption of the S. epidermidis tagF gene by
plasmid integration. The S. epidermidis tagF gene was cloned
from strain ATCC 14990, but it proved impossible to introduce
plasmid DNA into this strain by electroporation. Therefore, S.
epidermidis TU3298, a strain capable of being transformed by
electroporation (4), was used in the gene disruption experi-
ments. Southern hybridization of the fagF locus from strain
TU3298 indicated that it is very similar to that of strain ATCC
14990 (data not shown).

In order to determine if the S. epidermidis tagF gene is
essential, an attempt was made to disrupt it by directed plas-
mid integration by using the temperature-sensitive (zs) plasmid
pTSTAG, which carries a 1.56-kb internal fragment of tagF. As
a control, plasmid pTSH17 carrying a similar-sized 1.77-kb
fragment of DNA comprising the 3’ end of the S. epidermidis
tagF gene and adjacent downstream sequences was con-
structed. Integration of pTSH17 by a single crossover will pre-
serve a wild-type copy of tagF linked to its cognate promoter.
This plasmid served as a positive control for plasmid integra-
tion in the tagF locus. Both pTSTAG and pTSH17 were de-
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rived from the temperature-sensitive vector pTS2T, which was
also used as a control for reversion of the “ts rep” mutation (see
Table 2) and nonspecific integration events. Colonies that
could grow at 45°C on Tc agar occurred at frequencies of 1.2 X
107° 1.1 X 1075, and 8.7 X 10~ for strain TU3298 carrying
the plasmids pTS2T, pTSH17, and pTSTAG, respectively.

PCR was used to determine if integration of pTSH17 and
pTSTAG into the tagF locus had occurred. Thirty tempera-
ture-independent derivatives of both S. epidermidis TU3298
(pPTSTAG) and TU3298(pTSH17) were purified from five sep-
arate cultures of each strain. Oligonucleotide primers TQ1 and
TQ2 were designed to detect chromosomal integration by ho-
mologous recombination of pTSTAG and pTSH17. Primer
TQ1 hybridized downstream from the fet gene at the 5’ end of
the 2.35-kb HindIIl fet fragment (25). Primer TQ2 bound
within pall, 5’ to the tagF gene. Primers TQ1 and TQ2 will
generate a PCR product in TU3298(pTSTAG) and TU3298
(pTSH17) growing at 45°C only if the plasmids integrate into
the tagF gene. Twenty-three out of thirty derivatives of
TU3298(pTSH17) formed the expected PCR product, indicat-
ing that the plasmid was integrated in tagF as expected. In
contrast, the PCR fragment was not detected in any of the 30
TU3298(pTSTAG) derivatives.

Genomic DNA was isolated from five TU3298(pTSTAG)
derivatives and digested with EcoRV. Southern hybridization
analysis with the 1.56-kb tagF fragment cloned in pGDH3 as a
probe revealed that the ca. 8.5-kb chromosomal tagF fragment
had not been disrupted and confirmed that pTSTAG had not
integrated into the tagF gene (data not shown).

Genomic DNA from TU3298(pTSH17) derivatives was di-
gested with Clal and EcoRI. Southern hybridization analysis
with the 1.77-kb tagF 3’ fragment cloned in pBH17 as a probe
revealed that pTSH17 had undergone chromosomal integra-
tion at the fagF locus by homologous recombination to disrupt
the ca. 5.5-kb fagF fragment of TU3298 in the two PCR-
positive derivatives tested (data not shown), while the tagF
gene was intact in the PCR-negative derivatives (data not
shown). Thus, pTSH17 can integrate into the tagF locus at low
frequency, indicating that the failure of pTSTAG to integrate
is not due to polar effects on a cotranscribed 3’ gene. There is
no evidence that cells could grow with the tagF gene disrupted
by pTSTAG integration, a finding which is consistent with it
being an essential gene. Thus, teichoic acids appear to be
essential in the coccus as well as in the rod and are not just
required for elongation of the cylindrical part of the bacillus
wall as was suggested previously (39).

Conclusions. The tagF gene of S. epidermidis has been iden-
tified by sequence similarities of the encoded TagF protein
with that of B. subtilis 168 and because it can complement a
temperature-sensitive B. subtilis tagF mutant.

The failure to inactivate the tagF gene of S. epidermidis by
directed integration of a plasmid indicates that the gene, and
hence teichoic acid biosynthesis, is essential in this organism.
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