JOURNAL OF BACTERIOLOGY, Oct. 2007, p. 7105-7111
0021-9193/07/$08.00+0 doi:10.1128/J1B.00681-07

Vol. 189, No. 19

Copyright © 2007, American Society for Microbiology. All Rights Reserved.

The Essential facF Gene Is Responsible for the Choline-Dependent

Growth Phenotype of Streptococcus pneumoniae’

Marlen Damjanovic,'{% Arun S. Kharat,*{§ Alice Eberhardt,’
Alexander Tomasz,> and Waldemar Vollmer'~*

Microbial Genetics, University of Tiibingen, Tiibingen, Germany'; Laboratory of Microbiology, The Rockefeller University,

New York, New York?; and Institute for Cell and Molecular Biosciences, University of Newcastle upon Tyne,
Newcastle upon Tyne, United Kingdom>

Received 1 May 2007/Accepted 12 July 2007

Streptococcus pneumoniae has an absolute nutritional requirement for choline, and the choline molecules are
known to incorporate exclusively into the cell wall and membrane teichoic acids of the bacterium. We describe
here the isolation of a mutant of strain R6 in which a single G—T point mutation in the gene facF (formerly
designated spr1150) is responsible for generating a choline-independent phenotype. The choline-independent
phenotype could be transferred to the laboratory strain R6 and to the encapsulated strain D39 by genetic
transformation with a PCR product or with a plasmid carrying the mutated facF gene. The tacF gene product
belongs to the protein family of polysaccharide transmembrane transporters (flippases). A model is presented
in which TacF is required for the transport of the teichoic acid subunits across the cytoplasmic membrane.
According to this model, wild-type TacF has a strict specificity for choline-containing subunits, whereas the
TacF present in the choline-independent mutant strain is able to transport both choline-containing and
choline-free teichoic acid chains. The proposed transport specificity of parental-type TacF for choline-con-
taining subunits would ensure the loading of the cell wall with teichoic acid chains decorated with choline

residues, which appear to be essential for the virulence of this pathogen.

One of the unique properties of the human pathogen Strep-
tococcus pneumoniae is the strict nutritional requirement for
choline (18), which is taken up from the growth medium and
metabolized exclusively to be attached to the wall teichoic acid
and the lipoteichoic acid (25). The choline residues of the
teichoic acid are involved in a wide variety of physiological
functions, including the activation of the murein (peptidogly-
can) hydrolases LytA, LytB, and LytC (8, 9, 11, 17), the binding
of a class of surface proteins (the choline-binding proteins) (20,
29), and the interaction with bacteriophages (15) and host
proteins, for example, with the receptor for the platelet-acti-
vating factor (5). The essentiality of choline residues for pneu-
mococcal virulence recently has been demonstrated (13).

Choline is transported into the cytoplasm and is activated to
CDP-choline by the products of the licABC genes (2, 3). CDP-
choline is the substrate of proteins (presumably the products of
the licD1 and licD2 genes) that attach the phosphoryl choline
residues to the teichoic acid precursors (30). These genes are
clustered in the /ic region on the pneumococcal chromosome,
which contains three additional genes, sprl148, spri149, and
spr1150, of unknown functions. Based on sequence compari-
sons, it was suggested that these genes may encode an alcohol
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dehydrogenase (spr1148), a CDP-ribitol pyrophosphorylase
(spr1149), and a sugar transporter (sprl150) (30).

Although the cell wall choline residues are of great impor-
tance for the physiology of S. pneumoniae, none of the choline-
related functions is essential for cell growth, and the molecular
mechanism(s) responsible for the choline dependency of pneu-
mococcal growth has remained unknown. Until now, two cho-
line-independent mutant strains of S. pneumoniae have been
reported. Mutant R6Cho™ was obtained with a background of
S. pneumoniae strain R6 from a heterologous genetic cross
with DNA from Streptococcus oralis, which has a choline-con-
taining cell wall but, unlike S. pneumoniae, is able to grow in
the absence of exogenous choline (22). A second mutant,
JY2190, was obtained after successive growth of S. pneumoniae
strain Rx1 in medium without choline but with decreasing
concentrations of ethanolamine (28). It is currently unknown
which genetic change(s) is responsible for the choline-indepen-
dent phenotype of these two mutants.

In this communication, we describe a third choline-indepen-
dent mutant, R6Chi, which was obtained with a background of
S. pneumoniae strain R6. The method of isolation was similar
to the one used for the isolation of mutant JY2190 of strain
Rx1: cultures of strain R6 were grown in chemically defined
medium in which the choline component was replaced by grad-
ually decreasing concentrations of ethanolamine and eventu-
ally by no aminoalcohol at all. We have identified a single-
point mutation residing in the so-far uncharacterized gene
sprl150 (which we rename tacF), which appears to be respon-
sible for the choline independence of R6Chi. We present a
model for the physiological function of TacF and for the
mechanism of the pneumococcal nutritional requirement
for choline.
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FIG. 1. Organization of the lic region of the different strains used in this study. The base at position 700 of the spr1150 (tacF) gene is indicated.
An asterisk indicates an inactivated lic4A gene. Divergent transcription of the choline utilization genes driven by promoters is denoted by a
perpendicular arrow before sprl149 and sprli50, respectively. erm, erythromycin resistance gene present on the integration plasmid pJDC9.
Phenotype abbreviations: D, choline-dependent growth; I, choline-independent growth; +, choline incorporation from the growth medium; —, no

choline incorporation from the growth medium.

MATERIALS AND METHODS

Strains and growth conditions. S. pneumoniae D39 and R6 (27) were grown at
37°C in Cden medium (26) with 5 pg/ml of choline or in complex C+Y medium
containing 1 mg/ml yeast extract (12). Cden agar plates contained 1.5% agar.
Growth on Cden agar plates was documented after they were replica plated on
nitrocellulose filters, followed by staining with 0.1% amido black solution (45%
methanol, 10% acetic acid) and destaining with water. Competent pneumococci
were obtained as previously described (14), with the addition of competence
peptide (16). Escherichia coli DH5« (10) was grown in Luria broth at 37°C with
aeration. If necessary, erythromycin was added at a concentration of 1 mg/ml for
E. coli and 1 pg/ml for S. pneumoniae.

Generation of a choline-independent mutant. R6 was grown sequentially at
37°C in Cden medium lacking choline but containing decreasing concentrations
of ethanolamine (200, 20, 2, 0.2, and 0 wg/ml) as described previously (28). The
culture then was plated on tryptic soy broth containing 3% sheep blood. One
clone capable of growing in the absence of choline in the growth medium was
named R6Chi. 'H and 'P nuclear magnetic resonance analyses of isolated cell
walls confirmed the absence of phosphorylcholine residues in R6Chi grown in
the absence of choline.

Generation of R6pJDC1150M, R6pJDC1150, R6Chip, and D39Chip. The plas-
mids pJDC1150 and pJDC1150M were constructed to transfer the tacF gene to

with choline

no antibiotic erythromycin

pneumococcal strains by insertion duplication mutagenesis. For this, the tacF
region (positions 1151093 to 1153039) was amplified by PCR with the primers
5'-CCATGCGAGCTCCATAAAAGAAATACTGGTCC-3" and 5'-TATGTCG
GATCCACAGATCAATATCGTCGTCC-3', using chromosomal DNA from
R6Chi (for pJDC1150M) or from R6 (for pJDC1150). The PCR product was re-
stricted with Sacl and BamHI and ligated into plasmid pJDC9 (4), which was
treated with the same restriction enzymes. pJDC1150M and pJDCI1150
were transformed into R6 under selection for erythromycin to generate
R6pIJDC1150M and R6pJDC1150, respectively. The correct integration of
pJDC1150M and pJDC1150 was confirmed by PCR analysis using the primer
pairs 5'-ATTACGCCAAGCTTGCATGC-3' and 5'-AAATAGGTCGATCACC
TAGC-3', 5'-CACGACGTTGTAAAACGACG-3" and 5'-CGTTGGTAGTCT
TCTCTAGG-3', and 5-AAAGGGCATTTAACGACGAAACTGG-3' and 5'-
GACAATACTTGCTCATAAGTAACGG-3'. The PCRs with chromosomal
DNA from R6pJDC1150M and R6pJDC1150 (but not from R6) yielded prod-
ucts of the expected sizes, covering both boundaries of the plasmid integration
site as well as an internal fragment of the erythromycin resistance gene on
pIDC9. The choline-independent strains R6Chip and D39Chip were generated
by transforming the respective parental strains (R6 and D39) with a PCR product
covering the facF region (see above) and selection on choline-free Cden agar
plates.
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FIG. 2. Growth of the different strains on Cden plates with or without choline and erythromycin. Only the strains with the mutated tacF gene,
R6Chi and R6pJDC1150M, are capable of growing in the absence of choline. Only the strains transformed with a pJDC9-based plasmid are

resistant to erythromycin.
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FIG. 3. Cells of R6Chi and R6pJDC1150M visualized by light microscopy. Both strains grew as diplococci, and they grew in short chains in the
presence of choline and in long chains in the absence of choline. Bar, 10 wm.

Inactivation of lic genes. The licA, licB, and licC genes were inactivated in
R6Chi and D39Chi with the help of pJDC9-based plasmids containing internal
sequences of the genes to be inactivated, as described before (13). Inactivation of
licA most likely has polar effects on the expression of licB and licC. All three lic
mutants are unable to utilize exogenous choline. Therefore, an inactivation of
these lic genes is possible only in choline-independent mutant strains.

Intraperitoneal mouse virulence model. Strains D39Chip and D39ChiplicB31
were grown in C+Y medium to an optical density at 590 nm of 0.6, cells were
resuspended in pyrogen-free 0.9% sodium chloride solution, and 10-fold serial
dilutions were prepared. Groups of 8-week-old female CD1 mice (5 mice per
bacterial concentration) were injected (via the peritoneal cavity) with 0.5 ml of
the inocula containing between 10° to 107 CFU. Mouse survival was monitored
for 3 to 7 days.

Intr 1 col tion model. Strains D39Chip, D39ChiplicA65,
D39ChiplicB31, and D39ChiplicC112 were grown to an optical density at 590 nm
of 0.6 and were centrifuged to pellet bacterial cells. Bacteria were resuspended
in pyrogen-free saline (0.9% NaCl) to obtain a bacterial concentration of 10°
CFU/ml. Groups of 8-week-old CD1 female mice (10 per strain) were anesthe-
tized using a xylazine and ketamine mixture (75 pl injected into the peritoneal
cavity), as described by Kharat and Tomasz (13). Suspensions of bacteria (10 wl)
were inoculated through the nostrils with a 10-pl blunt-end Hamilton syringe.
Mice were sacrificed 48 h after inoculation by injection with 100 pl of Nembutal
into the peritoneal cavity. Bacteria colonizing the nasopharynx were collected by
expelling 50 wl saline solution through the trachea and were enumerated on
blood agar plates supplemented with 5 pg/ml gentamicin.

Other methods. DNA sequencing of PCR products and plasmids was done
with the help of custom-made oligonucleotides (http://biomers.net/default.aspx)
at 4BaseLab, Reutlingen, Germany. The isolation of chromosomal DNA and of
plasmids, PCR and purification of PCR products, and separation of DNA in
agarose gels were done according to standard procedures described previously
(21). Bacterial cells were visualized by light microscopy using a 40X objective.

RESULTS

Identification of a point mutation in the spri150 gene of
R6Chi. The choline-independent mutant R6Chi was isolated
as described in Materials and Methods. Several genes with
known or hypothetical functions in pneumococcal cell wall
metabolism were sequenced from R6Chi and from its parental
strain, R6. The obtained sequences were compared to the
corresponding sequences of strains TIGR4 and R6 in the pub-
lic databases. A single-point mutation, a T replacing a G at
position 1152062, was identified in the chromosomal region of
bp 1150093 to 1153021 of mutant R6Chi. The mutation was
identified to reside at position 700 in the hypothetical sprl150
gene, and it was absent from the sequence determined from
chromosomal DNA of the parental strain, R6 (Fig. 1).

The point mutation in spri150 is responsible for the choline-
independent phenotype. The chromosomal region from 261 bp
upstream to 179 bp downstream of spr/150 (bp 1151093 to

1153039) from R6Chi or from R6 was cloned into plasmid
pJDCY, resulting in the plasmid pJDC1150M or pJDC1150,
respectively. Upon transformation into R6 and selection for
resistance to erythromycin, the plasmids integrated into the chro-
mosome, leading to strains R6pJDC1150M and R6pJDC1150.
R6pIJIDC1150M  carries a wild-type and a mutated copy of
spr1150, whereas R6pJDC1150 carries two copies of the wild-type
spr1150 (Fig. 1). RopJDC1150M, but not R6pJDC1150, was able
to grow in the absence of exogenous choline in liquid medium
and on agar plates (Fig. 2). In another genetic experiment, the
product of the PCR amplification of the spr/150 region of
R6Chi was directly transformed into R6 or into the encapsu-
lated D39 strain with selection on choline-free Cden plates.
Choline-independent transformants with the mutated spri150
gene were obtained, and one clone of each transformation
experiment was isolated and named R6Chip and D39Chip,
respectively.

These results prove that the G’°°—T mutation in sprl150
enables pneumococci to grow in the absence of exogenous
choline. Furthermore, the mutated sprl150 gene is dominant
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FIG. 4. Virulence of choline-free S. pneumoniae in the mouse in-
traperitoneal model. Bacteria were injected into the intraperitoneal
cavity at different cell concentrations, and the survival of mice was
monitored for 3 to 7 days. Strain D39Chip was inoculated with 10°
CFU/mouse (solid lines with solid squares), and strain D39ChiplicB31
(dashed lines and open symbols) was inoculated with the following
concentrations (in CFU/mouse): 10° (open triangles), 10° (open cir-
cles), 10° (open diamonds), and 107 (open squares).
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and renders pneumococci choline independent in the presence
of the unmutated spr1150 gene.

Hypothetical function of Spr1150. The spri150 gene is lo-
cated in the lic region, which includes three genes for choline
uptake and activation (licA, licB, and licC), two genes (licD1
and licD2) presumably involved with the incorporation of cho-
line into teichoic acid precursor, and three genes (sprll48,
spr1149, and sprl150) of unknown function. The mutation in
the spr1150 gene of R6Chi results in the replacement of the
valine residue at position 234 of the derived amino acid sequence
of the wild-type protein with a phenylalanine. Spr1150 has 14
predicted transmembrane helices (http://bp.nuap.nagoya-u.ac.jp
/sosui/) and belongs to the protein family PF01943, which cur-
rently contains 1,132 integral membrane proteins, many of which
are implicated in the production of polysaccharides (http:/www
.sanger.ac.uk/cgi-bin/Pfam/getacc?PF01943). Furthermore, Spr1150
is one of 113 proteins of the cluster of orthologous groups of
proteins 2244 (COG2244) designated “membrane proteins in-
volved in the export of O antigen and teichoic acid” (http:
/fwww.ncbi.nlm.nih.gov/COG/grace/wiew.cgi?COG2244) (24).
Two members of COG2244 from E. coli have a proven trans-
membrane polysaccharide transport (flippase) function, the
O-antigen flippase Wzx (RfbX) (1) and the lipid III flippase
WzxE (19). Spr1150 may function as a flippase to transport the
lipid-linked, choline-containing teichoic acid precursors across
the cytoplasmic membrane in S. pneumoniae, and we propose
to rename the spri150 gene tacF (for teichoic acid flippase).

Growth characteristics of choline-independent strains car-
rying the mutated tacF gene. All strains carrying a mutated
tacF gene, R6Chi, R6Chip, D39Chip, and R6pJDC1150M,
grew in long chains and did not autolyze in the stationary phase
when grown in the absence of choline (Fig. 3). However, if
choline was present in the growth medium, they grew as dip-
lococci or as short chains and lysed in the stationary phase,
indicating that the mutants have retained the capacity to in-
corporate choline into their cell walls. This growth behavior is
similar to that described for the two previously reported cho-
line-independent pneumococcal mutants (22, 28).

Effect of cell wall choline on pneumococcal virulence. A
recent study has demonstrated the drastic reduction in the
virulence of a choline-independent capsular type 2 mutant
strain derived from R6Cho™ in several models of pneumococ-
cal disease (13). However, mutant R6Cho™ was obtained from
a genetic cross in which S. oralis was the source of donor DNA
(13). Thus, strain R6Cho™ may contain genetic elements from
S. oralis, possibly affecting virulence. Therefore, it was impor-
tant to repeat the virulence studies with a choline-independent
strain free of heterologous genetic material. Choline-indepen-
dent strain D39Chip, expressing a type 2 capsule, was con-
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structed by transforming the PCR product of tacF from strain
R6Chi. In order to prevent D39Chip from incorporating cho-
line from the in vivo environment, one of the /ic genes required
for choline uptake and/or activation also was inactivated to
produce a strain in which the impact of the choline-free cell
wall could be tested in vivo for virulence (13). Inactivation of
licA, licB, or licC in D39Chip resulted in mutants that grew in
chains and did not autolyze in stationary phase, even in cho-
line-containing semisynthetic medium. D39Chip (with intact
licB) and D39ChiplicB31 (with inactivated licB) represent an
isogenic pair of strains that differ in their ability to decorate the
cell wall with choline. These strains were used in the mouse
intraperitoneal model.

Mice injected with as few as 10° CFU of D39Chip caused
death within 24 h, whereas mice injected with D39ChiplicB31
continued to exhibit 20% survival at the end of experiment,
even when injected with a concentration of bacteria as high as
107 CFU (Fig. 4).

Mouse intranasal colonization by mutants lacking cell wall
choline. Strains D39Chip, D39ChiplicA65, D39ChiplicB31,
and D39ChiplicC112 were grown in the choline-containing me-
dium C+Y. Eight-week-old CD1 female mice (10 mice per
strain) were anesthetized and inoculated with 10 pl bacterial
suspension containing 10®* CFU/ml in sterile saline. Mice inoc-
ulated with choline-deficient mutant bacteria failed to colo-
nize, whereas mice inoculated with D39Chip showed bacterial
loads as high as 300 to 500 per mouse.

DISCUSSION

Pneumococci are the only known bacterial species with the
same, chemically complex structure in the repeating unit of
their wall teichoic acid and lipoteichoic acid, both of which
carry one or two choline residues per teichoic acid chain (7).
Most genes required for the biosynthesis of the pneumococcal
teichoic acids are unknown. The following observations indi-
cate that the tacF gene has a role in teichoic biosynthesis. (i)
The tacF gene is located in the lic gene cluster of the chromo-
some, adjacent to five known genes of choline metabolism. (ii)
The mutation G’°°—T in the tacF gene described here an-
nulled the nutritional requirement for choline.

The deduced integral membrane protein TacF belongs to
the COG2244 group of proteins, members of which are con-
firmed or putative flippases involved in the transmembrane
transport of lipid-linked carbohydrate subunits. Considering its
link to the choline-dependent growth phenotype, we propose
that TacF is the flippase for the transmembrane transport of
the teichoic acid subunits. According to this model (Fig. 5A),
the wild-type protein, TacF(V>**), would have a strict specific-

FIG. 5. Model for the specificity of the proposed TacF teichoic acid subunit flippase and for the choline-dependent growth phenotype. (A) The
wild-type TacF(V***) flippase has a strict specificity for choline-containing teichoic acid subunits and does not transport subunits without choline,
ensuring the loading of the cell wall with choline residues (left side). The TacF(F***) flippase, encoded by the mutated tacF gene in R6Chi, is able
to transport both choline-containing and choline-free teichoic acid subunits. RU, repeating unit; PCho, phosphoryl choline; black bar, lipid anchor.
(B) The membrane steps of teichoic acid and peptidoglycan biosynthesis pathways are interconnected by the undecaprenyl phosphate transport
lipid (black rectangle), which is released in the diphosphate form during polymerization of the peptidoglycan (PG) and teichoic acid (TA) strands,
respectively, and then is recycled for further cycles of subunit transport. (C) In the absence of choline, wild-type cells cannot produce teichoic acids
because of the specificity of TacF for choline-loaded teichoic acid subunits. (D) The mutant strain R6Chi is able to grow in the absence of choline
and to produce a choline-free cell wall, because the altered flippase (TacF*) has lost its specificity for choline-containing subunits.
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ity for transport of choline-containing subunits, whereas the
mutant TacF(F>**) flippase also would transport subunits with-
out choline, which accumulate when choline-independent mu-
tant cells grow in the absence of exogenous choline. This
model predicts a dominant effect of the mutated tacF gene in
the presence of the wild-type gene, as we have observed in
R6pJDC1150M in this work. It is predicted that TacF has 14
transmembrane helices, with V*** being located on a loop
region between the transmembrane helices 7 and 8. This loop
might guard the transport channel to provide substrate speci-
ficity. In the absence of another homologous pneumococcal
protein with the same role, the predicted teichoic acid trans-
port function of TacF should be essential for pneumococcal
cell wall biosynthesis and growth. Indeed, the tacF gene was
among 133 genes identified as being essential in S. pneumoniae
(23).

Our data indicate that facF is the only component determin-
ing the choline requirement for growth, and it is likely that the
choline-independent mutant JY2190, isolated by the same
method from strain Rx1 (28), harbors a mutated tacF gene.
Having a flippase with transport specificity for choline-contain-
ing teichoic acid subunits would be an elegant way for the cell
to ensure the loading of the cell wall with choline residues,
which are essential for many important physiological functions.
By this mechanism, the subunits would remain at the inner
leaflet of the cytoplasmic membrane until they are loaded with
choline, a process that is catalyzed (presumably) by the cyto-
plasmic LicD1 and/or LicD2 enzyme, using CDP-choline as
substrate.

Considering the proposed flippase function of TacF, there
are several factors that could account for the choline depen-
dency of growth in wild-type pneumococci. First, teichoic acids
may be essential polymers of the cell wall, and the lack of
transport of choline-free teichoic acid chains in strains carrying
the wild-type facF would be lethal for the cells. Second, the
possible accumulation of lipid-linked, choline-free precursors
in the inner leaflet of the cytoplasmic membrane could disrupt
the membrane integrity. Finally, the accumulation of lipid-
linked, choline-free precursors might trap the undecaprenyl
phosphate transport lipid, which then is unavailable for the
transport of precursor for the essential peptidoglycan (murein)
synthesis. The latter possibility has been proposed before, be-
cause peptidoglycan synthesis was inhibited upon choline de-
privation (6). The interconnection between teichoic acid and
peptidoglycan synthesis and the resulting consequences for
growth of wild-type and choline-independent mutants are
shown in Fig. 5B to D.

The cell wall choline residues have a variety of physiological
functions. In this communication, we have demonstrated the
essential role of choline for pneumococcal virulence and col-
onization, fully confirming the findings already reported for the
other choline-independent pneumococcal strain, Récho™,
which harbors an unknown DNA sequence obtained from S.
oralis in the heterologous genetic cross (13).

The proposed transport process of the choline-loaded tei-
choic acid precursors by the hypothetical flippase TacF may
present a novel target for antimicrobial therapy against pneu-
mococci.

J. BACTERIOL.
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