J. Med. Microbiol. — Vol. 51 (2002), 34-41
© 2002 Society for General Microbiology
ISSN 0022-2615

BACTERIAL PATHOGENICITY
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The production of toxins A and B by Clostridium difficile was greatly enhanced under
biotin-limited conditions, in which a 140-kDa protein was expressed strongly. Gene
cloning revealed that this protein was a homologue of formylglycinamidine ribonucleo-
tide synthetase (FGAM synthetase, EC 6.3.5.3), which is known as PurL in Escherichia
coli and catalyses the fourth step of the de novo purine biosynthesis pathway. This
enzyme consisted of a single polypeptide, although FGAM synthetases of gram-positive
bacteria usually consist of two subunits. Inhibition of the enzymic activity of C. difficile
PurL by O-diazoacetyl-L-serine (azaserine) resulted in enhanced toxin B production even
in biotin-sufficient conditions. In contrast, blockade of the preceding step of the PurL
catalysing step by sulfamethoxazole inhibited toxin B production almost completely.
These results suggest that accumulation of formylglycinamide ribonucleotide (FGAR), a
substrate of FGAM synthetase, enhances toxin production by C. difficile and depletion of

FGAR reduces toxin production.

Introduction

Clostridium difficile produces two toxins, A (enterotox-
in) and B (cytotoxin), which are causally involved in C.
difficile-associated diarrhoea (CDAD) and pseudomem-
branous colitis (PMC) [1-3]. The genes of both toxins
have been cloned and sequenced [4—6]. The enzymic
activity of both toxins is glycosyltransferase, which
modifies small GTP-binding proteins of the target cells
[7-9].

The production of toxins by C. difficile is affected by
its growth conditions, especially by various environ-
mental stresses. Toxin levels in culture supernates are
increased by raising the temperature or the oxidation—
reduction potential, or by adding subinhibitory con-
centrations of antibiotics [10—12]. Previous studies
showed that the production of both toxins by C.
difficile is affected by the nutritional conditions in
defined media [13—-16]. In particular, critical limitation
of biotin concentration strongly enhanced production of
both toxins while bacterial growth was reduced (biotin
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effect) [13]. The biotin effect is the most potent toxin-
enhancing stress known to date. Recently, another
research group confirmed that biotin limitation elevated
the ratio of toxin production to total protein synthesis
[17]. The biotin effect was neutralised by adding excess
biotin, glutamine, glutamic acid, asparagine or lysine
[14], suggesting that the insufficiency of biotin influ-
ences toxin production through bacterial metabolism,
especially amino acid metabolism.

As the biotin effect is a general response observed in
all toxigenic C. difficile strains [13], it is a good model
for studying the regulatory mechanisms of toxin
production by C. difficile. In this study, a 140-kDa
protein expressed strongly under biotin-limited condi-
tion was investigated for its role in de novo purine
biosynthesis and the effects of some inhibitors of the
enzymes involved in purine biosynthesis on toxin B
production were examined. A hypothesis for a key
mechanism of the biotin effect is discussed.

Materials and methods
Chemicals

0O-Diazoacetyl-L-serine (azaserine) and sulfamethoxa-
zole were obtained from Sigma. All chemicals and
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reagents were from commercial sources and were
molecular biology grade or the highest available grade.

C. difficile strains and defined media

C. difficile strain KZ 1647, which has shown a typical
response of enhanced production of toxins under
biotin-limited condition [13, 14], was used for most
experiments. Sixty-one toxigenic and 41 non-toxigenic
strains of C. difficile that had been kept in this
laboratory were also used [18, 19].

A defined medium used in this study was prepared as
described by Yamakawa et al. [13] except that the
concentrations of minerals were modified according to
Karasawa et al. [20]. The concentrations of biotin were
50 nM (12.2 ug/L) in biotin-sufficient conditions and
50 pM in biotin-limited conditions [13, 14]. Inoculation
of C. difficile strains and all other anaerobic manipula-
tions were performed as described previously [13].
Cultures were incubated at 37°C, and bacterial growth
was monitored by measuring the optical density (OD)
at 560 nm.

Toxin B assay

The filtrates of 5-7-day-old cultures were used for
cytotoxicity (mainly caused by toxin B) assays by the
conventional 96-well microtitration plate method with a
mouse fibroblast cell line (L929). The highest dilution
that caused 100% cell rounding after incubation for
24 h was used to define the number of cytotoxic units
(CU) [13].

Intracellular proteins and protein sequencing

KZ 1647 cells were washed twice with NaCl 0.85%
and homogenised by vortex mixing with glass beads
(0.1 mm diameter, 1.5 g/ml) in a buffer containing
5SmM Tris-HCI (pH 7.5), 5mM EDTA, 1 mM phenyl-
methylsulfonyl fluoride. The homogenates were cen-
trifuged at 240 000 g for 30 min at 4°C to remove cell
debris and membrane components. Protein concentra-
tion was estimated by the method of Bradford [21] with
bovine serum albumin as a standard.

The intracellular proteins were subjected to standard
SDS-PAGE with acrylamide 5% or 10% gels. Gels
were stained with Coomassie Brilliant Blue R-250. A
140-kDa band to be analysed was cut from several 5%
gels. The protein was eluted in 10 mM phosphate-
buffered saline (PBS, pH 7.0) containing SDS 0.1%, 2-
mercaptoethanol (ME) 2%, 5mM EDTA and then
dialysed against 10 mM phosphate buffer (pH 7.0)
containing 2ME 1%, 5mM EDTA. The extracted
protein was N-terminally sequenced with an Applied
Biosystems Model 476A Sequencer (Applied Biosys-
tems, Foster City, CA, USA).

DNA techniques

Standard recombinant DNA techniques were used [22].
Oligonucleotides were synthesised by Hokkaido System
Science (Sapporo, Japan). An Escherichia coli K12
derivative strain, TOP10F’ (Invitrogen, Carlsbad, CA,
USA), was grown in Luria-Bertani broth or on Luria-
Bertani agar. Ampicillin 100 mg/L was added as
necessary.

PCR was performed with a GeneAmp PCR System
9700 Thermal Cycler (Applied Biosystems) and
AmpliTaq (Applied Biosystems) or Ex Taq (Takara,
Tokyo, Japan) DNA polymerase. The TA -cloning
system (pCR 2.1 vector; Invitrogen) was used for
subcloning PCR products. DNA sequencing was
performed with the BigDye Terminator Cycle Sequen-
cing Kit (Applied Biosystems) and an ABI Prism 310
Genetic Analyser (Applied Biosystems).

For preparation of C. difficile DNA, bacterial cells
grown in GAM broth (Nissui, Tokyo, Japan) were
treated with mutanolysin and proteinase K (Nacalai
tesque, Kyoto, Japan) and lysed by adding SDS to a
final concentration of 1%. The lysate was then
extracted with phenol and precipitated with ethanol.

For Southern blot analysis, the genomic DNA from
strain KZ 1647 was digested completely with EcoRI,
HindlIll, Pstl, Sau3Al or Xbal (Takara), separately,
resolved in an agarose 0.8% gel and then transferred to
a positively charged nylon membrane (Hybond-N+;
Amersham Pharmacia Biotech, Uppsala, Sweden)
under alkaline conditions. DNA probes were directly
labelled with a thermostable alkaline phosphatase
enzyme by the AlkPhos Direct System (Amersham
Pharmacia Biotech). The hybridised probe was visua-
lised with Enhanced Chemifluorescence (ECF) Sub-
strate  (Amersham Pharmacia Biotech) and a
Fluorlmager 595 Imaging System (Amersham Pharma-
cia Biotech). Labelling, hybridisation and detection
were performed according to the manufacturer’s
instructions.

To amplify unknown DNA sequences contiguous to
known loci, the single specific primer-PCR (SSP-
PCR) technique [23,24] was used. The genomic
DNA from strain KZ 1647 was digested with
Hindlll, Sau3Al or Xbal, separately, and ligated
to pKF3 plasmid DNA (Takara) digested with the
same restriction endonucleases. Small samples of
each ligation mixture were used as templates for
PCR amplification with gene-specific primers and
pKF3-specific primers, and nested PCR was per-
formed as necessary. The final PCR products were
sequenced from both ends to confirm whether the
desired contiguous sequences were actually ampli-
fied. PCR primers used in each SSP-PCR step were
designed based on the newly obtained sequence
information.
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Polyclonal antibody against C. difficile PurL

The DNA region corresponding to the amino acid
residues 1-407 of C. difficile PurL (see Results) was
amplified by PCR. This PCR product was subcloned
into pGEX-2T (Amersham Pharmacia Biotech) expres-
sion vector and verified by sequencing. The glutathione
S-transferase (GST) fusion protein from the E. coli
lysate was bound to Glutathione-Sepharose 4B Matrix
(Amersham Pharmacia Biotech) and washed with PBS
containing Tween 20 0.1%. Without further elution or
thrombin-cleavage steps, the protein-bound matrix was
directly injected intraperitoneally (i.p.) and subcuta-
neously (s.c.) into BALB/c mice (5 ug of protein/
mouse). The mice were given a booster injection (i.p.)
of the same protein-bound matrix on days 14 and 42
after the first injection (2.5 ug of protein/mouse). A
week after the final injection, each mouse was given an
i.p. injection of 0.5 ml of 2,6,10,14-tetramethylpenta-
decane (pristane; Sigma); 10 days later, ascites were
induced by injecting (i.p.) SP2/0-Agl4 mouse myeloma
cells (2.0 X 10® cells/mouse). The harvested, pooled
ascites fluids were absorbed with the Glutathione-
Sepharose 4B matrix bound with a GST-tag only, and
used as a polyclonal antibody against C. difficile PurL.

For Western blot analysis, proteins separated on an
SDS-PAGE gel were transferred to a polyvinylidene
difluoride (PVDF) membrane (PVDF-Plus; MSI, West-
boro, MA, USA) with a semi-dry apparatus (Atto,
Tokyo, Japan). An alkaline phosphatase-conjugated
goat anti-mouse IgG antibody (Sigma) was used as a
secondary antibody. Immunochemical signals were
detected with ECF substrate and a Fluorlmager 595
imaging system (Amersham Pharmacia Biotech).

Results

Differential expression of proteins under biotin-
limited conditions

The intracellular proteins from C. difficile KZ 1647
cells grown in biotin-sufficient (50 nM biotin) and
biotin-limited (50 pM biotin) conditions were com-
pared by standard SDS-PAGE and two-dimensional
PAGE. Several large bands (>120 kDa) were observed
only in the biotin-limited conditions (Fig. 1). Among
these large bands, a 140-kDa band was observed most
clearly and was not recognised by either antitoxin A or
antitoxin B serum in Western blotting experiments
(data not shown). This indicated that the 140-kDa
protein was neither one of the toxins nor the degraded
polypeptides of the toxins. It was likely to be expressed
as a result of a physiological response to biotin
limitation. Although this protein made a stringy and
diffused spot on a two-dimensional gel, it was
separated efficiently by conventional SDS-PAGE when
the concentration of acrylamide was reduced to 5%
(data not shown). N-Terminal sequencing of this
protein demonstrated the sequence MLNTENKDS

4140 kDa
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Fig. 1. SDS-PAGE (10%) of each intracellular protein
preparation (100 ug) from C. difficile KZ 1647 cells grown in
(1) biotin-sufficient (50 nM biotin) or (2) biotin-limited
(50 pM biotin) conditions for 30 h. The 140-kDa protein band
is indicated by the arrow.

14—

MVRRVLVEKR; no sequences homologous to this
amino acid sequence were found in databases.

Cloning of the 140-kDa protein gene

The DNA region corresponding to the N-terminal
amino acid sequence was cloned by PCR. Two
degenerate primers of KAG46D, 5'-ATGYTNAA
YACNGARAAYAA-3" (corresponding to the amino
acid sequence MLNTENK) and KAG47DI, 5'-CKY
TTYTCIACIARNACNC-3’ (complementary nucleotide
sequence corresponding to the amino acid sequence
RVLVEKR) were used for amplification. Both primers
had 256-fold degeneracy. A PCR fragment of c¢. 60 bp
was cloned into pCR2.1 and sequenced to obtain the
inside sequence information between the primers. With
the nucleotide sequence information corresponding to
the amino acid sequence DSMVR as a first clue,
genome walking by SSP-PCR was performed. A 3807-
bp DNA sequence of an open reading frame (ORF) was
obtained from three SSP-PCR fragments. This ORF
encoded a polypeptide of 1268 amino acids with a
calculated mol. wt of 140645, which agreed with the
molecular size determined by SDS-PAGE. The N-
terminal amino acid sequence deduced from the DNA
sequence was exactly the same as that from the Edman
degradation analysis. Furthermore, putative Shine-
Dalgarno and rho-independent terminator sequences
were found upstream and downstream of the ORFE,
respectively.

The amino acid sequence of the 140-kDa protein
deduced from the DNA sequence showed apparent
homologies to several formylglycinamidine ribonucleo-
tide synthetases (FGAM synthetase, EC 6.3.5.3), which
catalyse the fourth step of the de novo purine
biosynthesis pathway. In addition to the overall
homologies, there was a conserved motif of the
glutamine amidotransferases active site (PROSITE
database accession no. PS00442) [25] (Fig. 2) that is
consistent with the function of FGAM synthetase.
Furthermore, two other characteristic motifs that are
highly conserved in many FGAM synthetases were also
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found. One was BL00442B (Blocks database) [26] and
the other was PD009676 (ProDom database) [27].
BL00442A (Blocks database) was also found, but it
was obviously equivalent to the PS00442 (Fig. 2).
Therefore, it was concluded that this ORF encodes a
homologue of FGAM synthetase. The location of those
conserved motifs and the overall homologies indicated
that the subunit structure of the C. difficile FGAM
synthetase was more similar to that of E. coli (PurL)
than to Bacillus subtilis (PurL and PurQ) (Fig. 2), so
this gene was designated as purlL.

The sequence of the C. difficile purL reported in this
paper has been deposited in the DDBJ/EMBL/GenBank
databases under accession no. AB047389.

Distribution of purL among C. difficile strains

A pair of primers was designed to amplify the coding
region (from initiation ATG to termination TAA) of
purL. All 62 toxigenic and 41 non-toxigenic strains of
C. difficile (including KZ 1647) generated single PCR
fragments of the same size regardless of toxigenicity or
source of strains (Fig. 3a). Representative strains were
further examined by restriction endonuclease digestion
of the PCR products and were confirmed to possess

PS00442

PD009676 BLOO442A BL00442B
PurL-C. difficile [ 1268 aa |
PurlL-E. coli [ 1295 aa |
PurL-B. subtilis [ 742 aa |
PurQ-B. subtilis [ ]
(227 aa)

Fig. 2. Schematic representation of FGAM synthetase poly-
peptides. The characteristic motifs for FGAM synthetases are
indicated by black regions. The amino acid sequence data of
E. coli and B. subtilis were obtained from the SWISS-PROT
database.
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Fig. 3. PCR detection of the purLl gene from C. difficile
strains. The entire coding region (from initiation ATG to
termination TAA) of purL was amplified (a) and PCR products
were digested with Ndel (b). Lane 1, KZ 1647 (toxigenic
strain); 2, VPI 10463 (toxigenic strain); 3, ATCC 43597 (non-
toxigenic strain).

purL (Fig. 3b). Southern blot analysis indicated that
purL was present in one copy per genome of strain KZ
1647 (data not shown).

Expression of PurL under biotin-sufficient and
biotin-limited conditions

To study the expression of FGAM synthetase protein
(PurL) in C. difficile, a polyclonal antibody was
prepared for Western blot analyses. A recombinant
polypeptide of amino acid residues 1-407 of PurL was
used as an antigen. The antibody raised reacted with
the 140-kDa band specifically, as expected (Fig. 4).

In biotin-sufficient conditions (50 nM biotin), PurL was
found after incubation for 18 h (at the mid-exponential
growth phase) and was barely detected after incuba-
tion for =24 h. However, in biotin-limited conditions
(50 pM biotin), PurL was observed between 18-h and
48-h incubation periods (from the early exponential
phase to the decline phase), reaching a maximum at
30 h (the late exponential phase) (Fig. 4). These results
show that the differences in Purl. expression between
the biotin-sufficient and biotin-limited conditions are
most evident in the late stationary to decline phase of
the growth cycle.

Involvement of Purl and purine biosynthesis in
the production of toxin B

The fact that the expression pattern of PurL differed
between the biotin-sufficient and biotin-limited condi-
tions (Fig. 4) indicates that some alteration of purine
biosynthesis might enhance toxin production. There-
fore, a range of chemicals was added to the defined
medium to clarify the relationships among toxin
production, PurL and purine biosynthesis.

Purine bases and purine nucleosides. Adenine, hypo-
xanthine, adenosine or guanosine (1 mM) was added
individually to a defined medium. Guanine was omitted
because of its very low solubility in the medium. None
of the purine compounds showed any significant effect
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Fig. 4. Time course of PurL expression. Each intracellular
protein preparation (20 ug) from C. difficile KZ 1647 cells
grown in (a) biotin-sufficient (50 nM biotin) or (b) biotin-
limited (50 pM biotin) conditions for the indicated time was
examined by Western blotting with an anti-PurL antibody. The
growth curves are represented in the upper part. Western blot
experiments were not done before 18 h and after 48 h.
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on the production of toxin B in either biotin-sufficient
or biotin-limited conditions.

Glutamine antagonist. ~ Glutamine antagonists are
potent inhibitors of several glutamine-dependent ami-
dotransferases; O-diazoacetyl-L-serine (azaserine), one
of the authentic glutamine antagonists, was reported to
inhibit FGAM synthetase almost specifically [28]. In
biotin-sufficient condition, the addition of sublethal
doses of azaserine resulted in decreased growth and
moderately increased toxin B production (Table 1).
When one of the purine compounds (1 mM) was added
simultaneously to the medium, toxin B production was
enhanced more strongly (Table 1). In particular, when
hypoxanthine or adenosine was added to a medium
containing 15 uM azaserine, toxin B production was
increased to the same level as that of the biotin effect
(Table 1). In biotin-limited conditions, the addition of
azaserine decreased both growth and toxin B produc-
tion dose-dependently (1-25 uM). When 1 mM adeno-
sine was added to the medium -containing 5 uM
azaserine, toxin B production recovered to the same
level as that without azaserine (Table 1).

Sulfonamide. Sulfonamides inhibit folic acid biosynth-
esis and result in the inhibition of purine biosynthesis.
Bacterial growth and toxin production were completely
inhibited by adding >500 uM (126.65 mg/L) of sulfa-
methoxazole to the defined medium (Table 1). This
inhibitory effect on growth was partly neutralised by
adding 1 mM adenosine. When 1 mM adenosine and
500 uM sulfamethoxazole were added to the medium,
the bacterial growth was almost half the level of that
without sulfamethoxazole. However, the production of
toxin B was still almost completely inhibited (Table 1).
This inhibitory effect on toxin B production was
observed constantly; it was not affected by changing
biotin concentration or adding azaserine, or both
(Table 1).

The degrees of Purl expression under the growth
conditions described above were examined in the late
stationary to decline growth phase and were in good
agreement with the potency of toxin production. PurL
was expressed strongly in the toxin-enhancing condi-
tions (50pM biotin and 50nM biotin + 15 uMm
azaserine) (Fig. 5b, lanes 2 and 3) and was expressed
weakly in the toxin-reducing conditions (50 pM
biotin + 500 uM sulfamethoxazole + 1 mM adenosine
and 50 pM biotin + 10 mM glutamine) (Fig. S5b, lanes
4 and 5). However, in the exponential growth phase,
Purl expression was similar under the various condi-
tions tested (Fig. 5a).

Discussion

The FGAM synthetase gene, purL, of which the
product was expressed strongly under biotin-limited
conditions in C. difficile, was cloned. The de novo
purine biosynthesis pathway includes 10 enzymic steps
leading from phosphoribosylpyrophosphate (PRPP) to
inosine monophosphate (IMP). FGAM synthetase is
located on the fourth step of this pathway (Fig. 6) and
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Fig. 5. PurL expression under various culture conditions. Each
intracellular protein preparation (20 ug) from C. difficile KZ
1647 cells grown under various toxin-enhancing or toxin-
reducing conditions was examined by Western blotting with an
anti-PurL antibody. Panel a, exponential growth phase; b, late
stationary to decline growth phase. Lane 1, 50 nM biotin
(biotin-sufficient condition, control); 2, 50 pM biotin (biotin-
limited condition); 3, 50nM biotin 4+ 15 uM azaserine; 4,
50 pM biotin + 500 uM sulfamethoxazole + 1 mM adenosine;
5, 50 pM biotin + 10 mM glutamine.

Table 1. Toxin B production by C. difficile KZ 1647

Chemicals added

Toxin B titre® (growth’) with

50 nM biotin 50 pM biotin

None (basal composition) 4 (+++) 4096 (+)
10 mM glutamine 4 (+++) 2 (++)
1 uM azaserine 8 (+++) 4096 (+)
S uM azaserine 64 (++) 256 (+)
15 uM azaserine 128 (++) - (=)
25 uM azaserine - (=) - (-)
S uM azaserine + 1 mM adenosine ND 8192 (+)
15 uM azaserine + 1 mM adenine 256 (++) ND
15 uM azaserine + 1 mM hypoxanthine 4096 (++) ND
15 uM azaserine + 1 mM adenosine 4096 (++) ND
15 uM azaserine + 1 mM guanosine 256 (++) ND
250 uM sulfamethoxazole 4 (++) 4 (+)
500 uM sulfamethoxazole - (-) - (-)
250 uM sulfamethoxazole + 1 mM adenosine 4 (+++) 4 (+)
500 uM sulfamethoxazole + 1 mM adenosine 2 (++) 2 (+)
500 uM sulfamethoxazole + 1 mM adenosine + 5 uM azaserine ND <2 (+)
500 uM sulfamethoxazole + 1 mM adenosine + 15 uM azaserine <2 (+) ND

*The median values of cytotoxic titres (CU/50 ul) from at least three independent experiments.
Bacterial growth is represented according to the maximum ODsgy values: ++44, >0.5; ++, 0.25-0.5; +, <0.25; —,
no growth or no toxin production was observed; ND, not determined.
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Fig. 6. Schematic representation of de novo purine biosynthesis. A combination of a cross and an arrow indicates the inhibition
step by azaserine or sulfamethoxazole. Dotted arrows indicate the inconsistent inhibitions (see text). PRPP, phosphoribosylpyr-
ophosphate; PRA, phosphoribosylamine; GAR, glycinamide ribonucleotide; FGAR, formylglycinamide ribonucleotide; FGAM,
formylglycinamidine ribonucleotide; AICAR, aminoimidazolecarboxamide ribonucleotide; FAICAR, formamidoimidazolecarbox-
amide ribonucleotide; IMP, inosine monophosphate; THF, tetrahydrofolic acid.

catalyses the irreversible conversion of formylglycina-
mide ribonucleotide (FGAR), glutamine and ATP to
FGAM, glutamate, ADP and orthophosphate. In B.
subtilis and many other species of eubacteria and
archaebacteria, FGAM synthetase is composed of two
polypeptides: FGAM synthetase 1 (PurQ), which
provides the glutamine amide transferase activity, and
FGAM synthetase II  (PurL), which provides the
aminator activity [29]. On the other hand, in E. coli
and a few other gram-negative eubacteria, this enzyme
is encoded by a single gene, purL [30]. Interestingly,
the FGAM synthetase of C. difficile described here
consisted of a single polypeptide, the same as in E. coli
(Fig. 2). To our knowledge, this is the first description
of a gram-positive eubacterium that has a single gene-
encoded FGAM synthetase.

The expression pattern of the FGAM synthetase protein
(PurL) was quite different between the biotin-sufficient
and biotin-limited conditions (Figs. 1 and 4). Generally,
all the purine biosynthesis activity would be coordi-
nated with the growth phase and be stimulated in the
exponential phase, because proliferating cells need to
replicate their genomes and to produce many RNAs
(mRNAs, rRNAs and tRNAs) to distribute them to
newly generated cells. In biotin-sufficient conditions,
the expression of PurL may be co-regulated with the
entire activity of purine biosynthesis (Fig. 4a). How-
ever, in biotin-limited conditions, the expression of
Purl did not appear to be in accordance with the
growth phase. It was expressed continuously even after
growth reached the stationary phase (Fig. 4b).

The inhibition of the enzymic activity of PurL by
adding azaserine to the biotin-sufficient culture showed
two characteristic responses, which were the same as
the responses observed in the biotin-limited condition,
i.e., enhanced toxin B production and PurL expression
(Table 1 and Fig. 5). Azaserine is a diazo analogue of

L-glutamine. It competes with glutamine, which is a
co-substrate of FGAM synthetase, and causes irrever-
sible inhibition of the enzyme [28,31]. Azaserine
inhibits many glutamine-dependent amidotransferases
in vitro, but the most sensitive target is FGAM
synthetase [31, 32]. Furthermore, in vivo, azaserine
inhibits mainly FGAM synthetase [28], therefore, it can
be used as a specific inhibitor of FGAM synthetase.
The essential effect of azaserine can be regarded as the
resulting unavailability of glutamine. Likewise, the
limitation of biotin can be considered to cause a
shortage of glutamine because the biotin effect was
neutralised by adding glutamine (Table 1) [14] and the
expression of PurL. was down-regulated by the addition
of glutamine to the biotin-limited culture (Fig. 5, lane
5). Therefore, we concluded that the azaserine model
was fundamentally equivalent to the biotin effect: the
enhancement of toxin production under biotin-limited
conditions was caused by inhibition of the enzymic
activity of PurL, expression of which was up-regulated
to recover the entire enzymic activity.

C. difficile cells in biotin-limited culture tend to lyse
more rapidly after reaching maximum growth than
cells in the biotin-sufficient culture (data not shown).
There will be significant amounts of nucleic acid-
related compounds in such biotin-limited culture
supernates. This culture state seems to correspond to
that of the biotin-sufficient culture supplied with
azaserine and hypoxanthine, or adenosine, in which
toxin B production was enhanced more potently than it
was in the biotin-sufficient culture supplied with
azaserine only (Table 1). In other words, the biotin-
sufficient condition supplied with azaserine and
hypoxanthine, or adenosine, mimics the biotin-limited
condition more exactly with respect to toxin produc-
tion. However, an important cause of the enhancement
of toxin production is the inhibition of PurL due to the
shortage of glutamine, because adding purine com-
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pounds alone did not have significant effects on toxin
production. This extra enhancement occurred only
when the PurL was inhibited.

The blockade of an enzyme results in the accumulation
of metabolites prior to the blockade and depletion of
subsequent metabolites. Blocking FGAM synthetase by
azaserine causes the accumulation of FGAR [28, 31]. If
the accumulation of FGAR or the depletion of the
metabolites downstream of PurL participates in toxin
production, blocking another step in the pathway could
cause changes in toxin production. The addition of
sulfamethoxazole at relatively high concentrations
prevented toxin B production almost completely even
in the biotin-limited or azaserine-added conditions
(Table 1). In such concentrations, probably due to the
almost complete inhibition of de novo purine synthesis,
C. difficile cannot grow without a supply of adenosine.
Sulfonamide inhibits folic acid biosynthesis and results
in the inhibition of folic acid-dependent one-carbon
transfer reactions. Therefore, sulfamethoxazole can
inhibit the third and the ninth steps of the pathway
that correspond to one step preceding and five steps
following the step catalysed by FGAM synthetase,
respectively (Fig. 6). However, the effect on the ninth
step must be excluded, because this effect does not
occur with the depletion of the metabolites downstream
of PurL in the azaserine-added condition, even though
toxin production was inhibited even in this condition
(Table 1). Thus, the third step should be the main
victim of sulfamethoxazole, and this blockade would
cause the depletion of FGAR, in contrast to the
blockade of PurL. In addition to the inhibitory effect
on toxin production, the expression of PurL was
reduced by adding sulfamethoxazole to the biotin-
limited culture (Fig. 5, lane 4). These results suggest
that the depletion of FGAR alone can neutralise the
enhancement of toxin production and PurL expression
even in biotin- and glutamine-deficient conditions.
Therefore, the most plausible candidate for the signal
that causes the enhancement of toxin production and
PurL expression is the accumulation of FGAR rather
than the shortage of glutamine or biotin.

In summary (Fig. 7), the shortage of glutamine caused
by the limitation of biotin or the unavailability of
glutamine caused by the addition of azaserine inhibits
the enzymic activity of PurL. The resultant accumula-
tion of FGAR enhances toxin production, and this
enhancement is accelerated if exogenous purines are
available. Simultaneously, the expression of PurL is up-
regulated in response to the accumulation of FGAR,
but the entire enzymic activity is not recovered because
of the shortage or unavailability of glutamine. Dissolu-
tion of the accumulation of FGAR neutralises both
enhanced toxin production and PurL expression, which
can be accomplished two ways: one is supplementation
with glutamine, which causes the consumption of
FGAR by restoration of the enzymic activity of PurL,
and the other is addition of sulfamethoxazole, which

PRPP IMP

: A

v

sulfamethoxazole —— * :
FGAR FGAM

. ? ¢
purines —|>"

synthetase

(PurL

toxin production

glutamine

A

glutamate

biotin limitation ———

azaserine

Fig. 7. A model for the effects of extrinsic factors on toxin
production caused by altering the concentration of FGAR. The
positive and negative influences are indicated by unfilled and
flattened arrowheads, respectively. PRPP, phosphoribosylpyro-
phosphate; FGAR, formylglycinamide ribonucleotide; FGAM,
formylglycinamidine ribonucleotide; IMP, inosine monopho-
sphate.

prevents the synthesis of FGAR. It is interesting that
toxin production by C. difficile is so tightly connected
with purine metabolism via a metabolite, FGAR. The
accumulation of FGAR carries at least two kinds of
information, a shortage of glutamine or a disorder of
purine synthesis, either or both of which would be
disadvantageous to the vegetative growth of C. difficile.
Therefore, it seems reasonable to use the accumulation
of FGAR as a signal for toxin production. Attacking
host cells by toxins would make it possible for C.
difficile to obtain the required nutrients.

Experiments aimed at the disruption or overexpression,
or both, of purL in C. difficile would help to confirm
this hypothesis. However, there are few available
methods for genetic manipulation of C. difficile, so
appropriate vector systems are required to overcome
this limitation. Attempts at the direct measurement of
FGAR and the analysis of the process by which FGAR
stimulates toxin production are underway in this
laboratory.

In this study, the assay of toxin A was omitted in some
experiments because the production of toxin A by
ordinary toxigenic C. difficile strains has always
paralleled that of toxin B in this laboratory [13,
14, 33]. Other investigators found that the genes of
toxins A and B were transcribed simultaneously [34,
35]. Therefore, this parallelism could be considered a
general trait among strains that produce both toxins.

The results in this study also contain an important
suggestion about the possibility of using sulfonamides
as therapeutic agents for CDAD or PMC. Although C.
difficile strains are highly resistant to sulfamethoxazole
[19], the possibility that the treatment of CDAD or
PMC could be accomplished by inhibiting toxin
production by sulfonamides should be considered. In
such a case, there would be few selective pressures, so
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that strains able to produce the toxins even in a
sulfonamide-containing environment would not develop
easily.
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