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ABSTRACT Clostridium difficile is the leading cause of hospital-acquired antibiotic-
associated diarrhea and is the only widespread human pathogen that contains a com-
plete set of genes encoding the Wood-Ljungdahl pathway (WLP). In acetogenic bacteria,
synthesis of acetate from 2 CO, molecules by the WLP functions as a terminal electron
accepting pathway; however, C. difficile contains various other reductive pathways, in-
cluding a heavy reliance on Stickland reactions, which questions the role of the WLP in
this bacterium. In rich medium containing high levels of electron acceptor substrates,
only trace levels of key WLP enzymes were found; therefore, conditions were developed
to adapt C. difficile to grow in the absence of amino acid Stickland acceptors. Growth
conditions were identified that produce the highest levels of WLP activity, determined
by Western blot analyses of the central component acetyl coenzyme A synthase (AcsB)
and assays of other WLP enzymes. Fermentation substrate and product analyses, en-
zyme assays of cell extracts, and characterization of a AacsB mutant demonstrated that
the WLP functions to dispose of metabolically generated reducing equivalents. While
WLP activity in C. difficile does not reach the levels seen in classical acetogens, coupling
of the WLP to butyrate formation provides a highly efficient system for regeneration of
NAD* “acetobutyrogenesis,” requiring only low flux through the pathways to support
efficient ATP production from glucose oxidation. Additional insights redefine the amino
acid requirements in C. difficile, explore the relationship of the WLP to toxin production,
and provide a rationale for colocalization of genes involved in glycine synthesis and
cleavage within the WLP operon.

IMPORTANCE Clostridium difficile is an anaerobic, multidrug-resistant, toxin-producing
pathogen with major health impacts worldwide. It is the only widespread pathogen har-
boring a complete set of Wood-Ljungdahl pathway (WLP) genes; however, the role of
the WLP in C. difficile is poorly understood. In other anaerobic bacteria and archaea, the
WLP can operate in one direction to convert CO, to acetic acid for biosynthesis or in ei-
ther direction for energy conservation. Here, conditions are defined in which WLP levels
in C. difficile increase markedly, functioning to support metabolism of carbohydrates.
Amino acid nutritional requirements were better defined, with new insight into how the
WLP and butyrate pathways act in concert, contributing significantly to energy metabo-
lism by a mechanism that may have broad physiological significance within the group
of nonclassical acetogens.

KEYWORDS CO dehydrogenase, CODH, Clostridium difficile, Stickland reaction,
Wood-Ljungdahl pathway, acetate, acetyl-CoA synthase, acsB, butyrate, carbon
monoxide dehydrogenase

lostridium difficile (also known as Clostridioides difficile) is a Gram-positive, rod-
shaped, spore-forming anaerobic bacterium that is the leading cause of nosocomial
antibiotic-associated diarrhea worldwide. The severity of C. difficile infection ranges
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from mild diarrhea to pseudomembranous colitis that can lead to toxic megacolon and
death. Pathogenesis involves germination of spores, multiplication of vegetative cells
and colonization, and subsequent production of two high-molecular-weight toxins,
TcdA and TcdB (and in some strains, a third binary toxin, CDT), that elicit an intense
inflammatory response (1-5). Throughout the infectious process, from the onset of
antibiotic-induced dysbiosis to the final production of new endospores, nutrient avail-
ability varies in the gut, and evidence indicates that C. difficile undergoes substantial
shifts in its carbon and energy metabolism in response to changes in the nutrient
landscape (6-9).

As its major pathway of energy metabolism, C. difficile relies heavily on the Stickland
reaction/process in which rapid oxidation of one amino acid (electron donor) is coupled
to the reduction of the same or another amino acid (electron acceptor), with energy
captured by substrate-level phosphorylation (10, 11). Proline, leucine, and glycine are
the most important Stickland acceptors for C. difficile, acting to regenerate NAD™ as
needed for the continued oxidation of various Stickland donors such as leucine,
isoleucine, valine, and alanine (12-14).

The importance of Stickland acceptors leucine and proline became evident in early
studies to define minimal growth requirements of C. difficile, which identified 6 amino
acids considered to be essential, namely, proline, leucine, isoleucine, valine, tryptophan,
and cysteine, such that omission of any one of these resulted in no observable growth
(15-17). Later it was shown in studies on the effect of cysteine repression of toxin
production (18), and in the present work, that cysteine can be eliminated from minimal
medium simply by the addition of inorganic sulfide and that the requirement for
tryptophan can be rationalized by the fact that no homologs for the key biosynthetic
genes for that amino acid exist in the genome (19, 20).

In addition to amino acids, C. difficile is able to ferment some carbohydrate sources,
including glucose, fructose, and, to a lesser extent, mannose (21, 22). Evidence indicates
that sialic acid is also a fermentable substrate (23, 24), and although C. difficile lacks
sialidase, in vivo studies in mice indicate that sialic acid liberated from host mucins by
other bacteria in the gut supports growth of C. difficile (25). Nevertheless, despite the
ability to metabolize sugars, to date, there have been no reports of culture conditions
that allow for growth of C. difficile on carbohydrates as the principal source of carbon
and energy in the absence of amino acid Stickland acceptors.

Given the high activity of Stickland acceptor reactions for rapid disposal of electrons,
it is surprising that C. difficile harbors a complete set of genes encoding enzymes of the
reductive acetyl coenzyme A (acetyl-CoA) pathway, also known as the Wood-Ljungdahl
pathway (WLP), which is used by the strictly anaerobic acetogens as an electron sink to
dispose of reducing equivalents by reduction of CO, to acetate (Fig. 1A). A 15-gene,
18.4-kb operon (Fig. 1B) encoding the WLP pathway is found widely distributed in the
sequenced strains, and WLP genes are represented in all major phylogenetic groups of
C. difficile (26). Autotrophic acetogens take up H, plus CO,, generating acetyl-CoA for
biosynthetic purposes, whereas in heterotrophs, the pathway serves to accept electrons
derived from oxidation of complex organic substrates (27). An incomplete WLP, dis-
covered in an organohalide-respiring anaerobe, functions to cleave acetate and thereby
generate methyl groups needed for methionine biosynthesis (28). In some anaerobic
species able to use high-potential electron acceptors, the WLP serves yet another role,
for the cleavage of acetate followed by complete oxidation to CO, (29). Remarkably, C.
difficile is the only widespread human pathogen known to contain the WLP, although
it is also present in the less-well-known pathogen Clostridium sordellii (Paeniclostridium
sordellii).

Homoacetogenic fermentation of carbohydrates produces three molecules of ace-
tate from glucose by the combined actions of glycolysis, pyruvate decarboxylation, and
the WLP. The overall redox stoichiometry required to convert glucose to 2 acetates plus
2 CO, molecules is balanced by the reduction of the CO, to form a third molecule of
acetate via the WLP. Three pairs of electrons are used to reduce one CO, to the level
of a methyl group via a series of tetrahydrofolate intermediates (Fig. 1A, methyl
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FIG 1 (A) The Wood-Ljungdahl pathway and the conversion of its product acetyl-CoA to ethanol, acetate, and
butyrate. Enzyme abbreviations are given in blue and gene names are in black with locus tags (19) in red. H,F
stands for tetrahydrofolate. Separate methyl and carbonyl branches converge in the formation of acetyl-CoA. In the
methyl branch, a reversible hydrogen-dependent CO, reductase complex (HDCR), which contains formate dehy-
drogenase (fdh) and [Fe-Fe] hydrogenase components, reduces CO, to formate using H, as its direct electron
donor. Formate is activated to produce N'°-formyl-H,F (HCO-H,F) in an ATP-requiring reaction by N'°-formyl-HF
synthetase (FTS). N°,N'>-methenyl-H,F (CH=H,F) is then generated via cyclization and dehydration by N°N°-
methenyl-tetrahydrofolate 5-hydrolase (formyl-H,F cyclohydrolase; fchA) (MTC). Bifunctional FolD protein, which
includes N°,N'°-methylene-H,F dehydrogenase (MTD) and additional formyl-H,F cyclohydrolase activity, converts
CH=H,F to N°N'°-methylene-H,F (CH,=H,F), which is then further reduced to N°>-methyl-H,F (CH,-H,F) by
N°,N'°-methylene-H,F reductase (MTR) with catalytic subunit MetF and an accessory Fe/S- and Zn-containing
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branch), and one pair of electrons (represented as Fd.;) reduces the other CO, to
carbon monoxide, which is sequestered in a channel in the enzyme CO dehydrogenase
(depicted as [CO] in Fig. 1A, carbonyl branch) (30-32). CO and CH; then condense in an
unusual organometallic carbonylation reaction that takes place at a redox-active Ni-
and Fe-containing metal center at the active site of the enzyme acetyl-CoA synthase
(AcsB) (33-35). The combination of CO and CH; groups on AcsB generates a high-
energy acetyl intermediate which is then captured by CoA to form acetyl-CoA (36-39).

The question of what advantage C. difficile would gain from disposal of reducing
equivalents through the WLP arises especially because, in addition to the critical amino
acid Stickland acceptors proline, leucine, and glycine, C. difficile is also able to employ
a variety of other substrates or processes to regenerate NAD*. These include the
reduction of acetyl-CoA to both ethanol and butyrate, reduction of pyruvate to lactate,
conversion of ethanolamine to ethanol (40), reduction of succinate, which is available
in vivo as a product of fermentation by other microorganisms in the gut (41), and
evolution of hydrogen. Moreover, in brain heart infusion medium supplemented with
yeast extract and cysteine (BHIS) that is replete with Stickland acceptors, neither
extracts of C. difficile nor extracts of the genetically and metabolically related bacterium
Clostridium sticklandii grown on similar rich medium exhibit significant levels of CO
dehydrogenase activity, as measured by sensitive viologen-based reactions down to
the limits of detection of the assays (D. A. Grahame and T. C. Stadtman, unpublished
results).

In this work, the role of the WLP in C. difficile was examined by developing a method
for stepwise adaptation of cells to growth on glucose in the absence of Stickland
acceptors. The results of fermentation analyses and enzymatic activity levels under the
newly developed growth conditions and the characterization of a mutant deficient in
acsB indicate that C. difficile uses the WLP as an efficient electron sink that is able to
confer a substantial growth advantage even at relatively low levels of activity. Coupling
of the WLP to butyrate formation is proposed as a means by which relatively low flux
through both pathways is sufficient to regenerate substantial amounts of NAD™ to
support the fermentation of carbohydrates. Overall, the findings agree with accumu-
lating evidence that C. difficile exhibits a wider metabolic potential and is more
adaptable to changing nutrient conditions than has been previously appreciated.

RESULTS

Minimal expression of the WLP in the presence of abundant Stickland accep-
tors. To assess WLP enzyme expression during growth of C. difficile, Western blot
analyses were carried out on acetyl-CoA synthase (AcsB), the central condensing
enzyme in the WLP pathway. As shown in Fig. 2, almost no AcsB was produced during

FIG 1 Legend (Continued)

subunit MetV. CH;-H,F then transfers its methyl group to a corrinoid iron-sulfur protein to form Co**-methyl
corrinoid iron-sulfur protein (CH,-CFeSP) catalyzed by CH,-H,F:corrinoid methyltransferase (MeTr). In the carbonyl
branch, carbon monoxide dehydrogenase (CODH) produces CO contained within a protein channel, depicted as
[CO], by reduction of CO, using low-potential reduced ferredoxin (Fdr’ef‘). Acetyl-CoA, shown at the center in the
shaded oval, is then produced by condensation of the corrinoid methyl and channel-bound CO groups by
acetyl-CoA synthase (ACS) acsB. In the pathway leading to ethanol, acetyl-CoA is reduced in two steps by
bifunctional acetaldehyde-CoA/alcohol dehydrogenase (AdhE). An alternative pathway would be to convert
acetate to ethanol by way of aldehyde dehydrogenase (Aldh). Acetate formation from acetyl-CoA is via phospho-
transacetylase (Pta/Ptb) that produces acetyl phosphate (CD2683 is annotated in the KEGG database as a putative
phosphotransacetylase ortholog, and other candidates potentially active with acetate could include phosphotrans-
butyrylase CD0112 and the two other annotated ptb homologs CD0715 and CD2425). Acetyl phosphate is then
used to generate ATP by acetate kinase or butyrate kinase active with acetate (Ack/Buk). Formation of butyrate
follows the typical pathway in which thiolase (acetyl-CoA acetyltransferase) (THL) generates acetoacetyl-CoA that
is acted on by 3-hydroxybutyryl-CoA dehydrogenase (HBD) followed by 3-hydroxybutyryl-CoA dehydratase (cro-
tonase) (CRT) to form crotonyl-CoA. The electron-bifurcating butyryl-CoA dehydrogenase (Bcd) CD1054 in complex
with electron-transferring flavoprotein subunits EtfB and EtfA (CD1055 and CD1056), complex (Bcd-EtfAB),, then
generates butyryl-CoA (75-77). Thereafter, butyrate is produced by butyryl-CoA:acetate CoA-transferase activity
(CoA transfer) using free acetate to reform one molecule of acetyl-CoA. (B) The Wood-Ljungdahl pathway operon
in C. difficile. A 15-gene, 18.4-kb region (CD0716 to CD0730) is shown according to data in references 19 and 20.
Gene designations and corresponding products are indicated.
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FIG 2 Trace levels of acetyl-CoA synthase (AcsB) detected during growth of C. difficile in BHIS. Growth
was measured on four separate BHIS cultures prepared as described in Materials and Methods. (Inset)
Western blot of a 12% acrylamide SDS-PAGE gel with samples taken from cultures at the times indicated
(hours). Ten nanograms of purified recombinant AcsB was included as a reference on the outside lanes.

exponential growth and during the transition to stationary phase in cells grown in BHIS,
a rich medium in which Stickland acceptors are abundant. Increased production of AcsB
was observed only late in the stationary phase and corresponded to less than 0.01% of
total protein, a level which is very low in comparison to that from a typical acetogenic
organism such as Clostridium ljungdahlii grown in complex medium. Most of the
increase in AcsB occurred near the time when an abrupt decrease in the optical density
at 600 nm (ODg,,) was observed. This decline in ODg,, which occurred between 16 and
24 h, suggests that substantial autolysis may be taking place. As a process connected
with cellular stress, autolysis is under the control of a number of factors, among which
is the activation of cell wall-associated murine hydrolases as a consequence of the loss
of an energized membrane, which occurs upon final exhaustion of all utilizable energy-
generating substrates (42-44). A switch to obtain energy via the WLP could help to
delay the lytic phase somewhat. However, despite the increased expression, final AcsB
levels were still very low, and the activity of the WLP was inadequate to provide
sufficient energy to prevent autolysis.

Adaptation to growth in the absence of proline and leucine. Because only
minimal levels of AcsB were detectable in BHIS, we attempted to grow C. difficile on
glucose in the absence of favored amino acid Stickland acceptors to determine whether
higher levels of WLP enzymes would be produced. Guided by the chemically defined
medium developed as described in reference 17, we confirmed that C. difficile 630 fails
to grow when either proline or leucine is omitted. Inoculation at high cell densities
(initial ODgqq in the range of 0.1 to 0.2) was explored to determine whether adaptation
would occur over time; instead, the initial ODg,, values decreased markedly within the
first 12 h after inoculation, indicative of cell lysis in the absence of a usable carbon and
energy source. Similarly, initial lysis and subsequent failure to adapt and grow were
observed in ATCC PETC 1754 medium lacking yeast extract and other organic carbon
substrates under an H,/CO, atmosphere, regardless of whether the initial inoculum had
been grown in BHIS or in reinforced clostridial medium (RCM; Difco) as used in
reference 45.

Attempts were then made to determine whether stepwise downgrowth on lower
levels of proline and leucine would decrease the dependence on these acceptors. For
this purpose, adaptation medium (ADM; see Materials and Methods) was developed,
containing low concentrations of proline and leucine (0.5 and 1.5 mM, respectively) in
the presence of 5 mM glucose and 10 mM glycine. Following a short lag phase, cells
obtained from BHIS day cultures grew well in ADM. As shown in Fig. 3B, within the first
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FIG 3 Adaptation of C. difficile to growth on glucose in the absence of proline and leucine. To adapt cells
to grow without proline and leucine, cells harvested from a BHIS day culture were used to inoculate
adaptation medium (ADM) which contained 5 mM glucose, 10 mM glycine, and low concentrations of
leucine, isoleucine, valine, proline, methionine, and tryptophan in a basal salt mixture supplemented with
trace elements and vitamins, as described in Materials and Methods. Growths were monitored in
triplicate by ODgq, (*, [, and X), aliquots were removed over time and centrifuged, and the supernatants
were assayed for amino acids and glucose. (A) Concentrations are given for glucose (Glc), glycine (Gly),
alanine (Ala), and ammonia (NH,). (B) The same cultures as in panel A, assayed for leucine (Leu),
isoleucine (lle), valine (Val), proline (Pro), and 5-aminovalerate (5-AV).

5 h after inoculation, proline (solid brown triangles) was completely consumed, being
reduced to 5-aminovalerate (open brown triangles). During this time, the rates of
leucine, isoleucine, and valine consumption increased such that after 12 h all branched-
chain amino acids had become exhausted. At that time, however, most of the glucose
(Fig. 3A, + symbols) and glycine (Fig. 3A, green diamonds) still remained available, and
the cultures continued to grow until glucose was finally consumed after approximately
25 h. Thereafter, extensive lysis was observed, which began at around 30 h, coinciding
with the final depletion of glycine.

It was notable that substantial growth in ADM continued even after proline and
leucine had been consumed. Therefore, cells grown in ADM were then transferred to
media without proline and leucine but containing glucose plus 10 mM glycine, either
without (Glc+Gly) or with (Gly/Ala) added alanine, as described in Materials and
Methods. ADM-grown cells grew well in both media, and repeated transfers in these
media resulted in continued good growth with similarly high maximum ODg, levels.
Omission of methionine resulted in little or no growth, and the addition of 0.2 or 2 mM
homocysteine was unable to substitute. Poor growth was observed when valine and
isoleucine were omitted; however, in one trial, a Glc+Gly culture that lacked both
valine and isoleucine grew to an ODg, of 0.18 after an extensive lag. This suggests that
C. difficile might be able to grow also in the absence of all three branched-chain amino
acids; however, further studies are needed for confirmation. No growth was found
when tryptophan was withheld, which is consistent with the absence of genes for the
part of the aromatic amino acid biosynthetic pathway that leads to tryptophan (19).
These results indicate that C. difficile indeed is able to adapt to grow in the absence of
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FIG 4 Glycine-alanine fermentation of C. difficile growing in the absence of proline and leucine. Cells
obtained from ADM cultures grown to an ODg, of ca. 0.6 were used to inoculate glycine-alanine (Gly/Ala)
medium lacking proline and leucine and in which glycine was the only remaining Stickland acceptor (see
Materials and Methods). The growth substrates available in Gly/Ala medium were 5 mM glucose, 10 mM
glycine, 10 mM alanine, and low concentrations of isoleucine, valine, methionine, and tryptophan. In
addition, 2 mM sodium acetate and 3.9 mM NH,Cl were present. Triplicate growths were monitored, and
amino acids and glucose were assayed as indicated for Fig. 3. ODg,, (*, [J, and X) and concentrations of
glucose (Glc), glycine (Gly), alanine (Ala), and ammonia (NH,) are shown.

proline and leucine and that it is possible to develop growth conditions that are devoid
of these preferred Stickland acceptors for analyzing the effects on activation of alter-
native electron accepting pathways such as the WLP.

Growth in Gly/Ala medium. C. difficile is readily able either to consume or to
produce alanine, depending on the growth conditions (46). Alanine has long been
recognized as a very effective Stickland donor (47). Therefore, alanine addition was
used to augment the amount of oxidizable carbon as a strategy to promote the
expression of the WLP, possibly acting to dispose of the higher load of reducing
equivalents. Growth was most rapid in Glc+Gly medium in the absence of alanine, and
addition of up to 10 mM alanine caused the maximum growth rate to decrease
somewhat but had little effect on the final ODgy, (data not shown). Cells transferred
from Gly/Ala cultures quickly resumed growth in Glc+Gly medium; however, growth
was not as rapid when Glc+Gly cells were used to inoculate Gly/Ala medium. One
possibility is that the activity of electron acceptor pathways supporting glucose oxida-
tion in Glc+Gly cells was insufficient to maintain redox homeostasis when the cells
were shifted to more-reducing conditions imposed by 10 mM alanine.

Typical growth characteristics in Gly/Ala medium are shown in Fig. 4. As in ADM
cultures, the ODg,, continued to increase until the point at which glucose (+ symbols)
was finally depleted. Furthermore, the major lytic phase was delayed until around 55 h,
at roughly the same time that glycine-alanine fermentation had ceased, upon final
depletion of glycine (green diamonds). The glycine-to-alanine uptake stoichiometry
was very close to 1:1 throughout most of the fermentation. This suggests that
pyruvate produced from the oxidation of alanine was being converted to acetyl-
CoA without further production of NADH or reduced ferredoxin. This would be
expected for C. difficile using pyruvate-formate lyase (PFL) rather than either
pyruvate dehydrogenase (PDH) or pyruvate:ferredoxin oxidoreductase (PFOR). In
contrast, if pyruvate were being further oxidized, then a 2:1 stoichiometry would be
expected, requiring the reduction of 2 mol glycine to balance the overall process,
as found in Clostridium sporogenes (47, 48).

Growth on glucose in the absence of Stickland acceptors. For growth in the
absence of all Stickland acceptors, Gly/Ala-grown cells were used to inoculate glucose-
only medium (see Materials and Methods) containing 5 mM glucose and 0.21 mM
valine, 0.1 mM isoleucine, 0.22 mM methionine, and 0.12 mM tryptophan as the only
amino acids provided. Reproducible growth was observed and rates were lower than
when glycine was added and typically yielded lower maximum ODg, (Fig. 5).
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FIG 5 Growth of C. difficile on glucose in the absence of Stickland acceptors. A glucose-containing
medium in which both glycine and alanine were omitted (Glc only) was used to grow C. difficile in the
absence of all amino acid Stickland acceptors. Glc-only medium was similar to Gly/Ala medium without
glycine and alanine. ODg, (* and [J) and concentrations (mM) of glucose (Glc), glycine (Gly), alanine (Ala),
and ammonia (NH;) are shown. Gly/Ala cultures were used to inoculate the Glc-only tubes, accounting
for the small amounts of glycine and alanine present initially.

Induction of WLP expression under the newly developed growth conditions.
The growth conditions described above were examined to assess the amount of WLP
pathway expression based on the amounts of acetyl-CoA synthase (AcsB) protein
detected on Western blots. For this, buffer-soluble supernatant fractions were prepared
from extracts of C. difficile cells obtained from large-scale growths. The cell yields, final
ODgo and other data from these growths are given in Materials and Methods. As
shown in Fig. 6, comparing equivalent amounts of extract protein loaded, the largest
amounts of AcsB were produced in the Gly/Ala growths (Gly/Ala 0.5 was harvested later
than Gly/Ala 2.2, referring to 0.5 and 2.2 mM glucose remaining at harvest, respectively).
By comparison to the band intensity produced by purified AcsB loaded as a standard,
AcsB accounted for around 0.20% of total protein in the Gly/Ala 0.5 cell extract, whereas
values of 0.03%, 0.04%, and 0.08% were estimated for Glc+Gly, Glc only, and Gly/Ala 2.2
cells. At the same amount of total protein loaded, AcsB was hardly detectable in the
BHIS extracts. Addition of alanine resulted in markedly increased expression, such that
AcsB was 3.0 and 7.7 times higher in Gly/Ala 2.2 and Gly/Ala 0.5 cells, respectively, than
in Glc+Gly cells. Even though cells grew considerably faster in the Glc+Gly medium,
omission of glycine resulted in noticeably increased production of AcsB in the Glc-only
growth. This result is consistent with glycine reduction acting to support glucose
utilization in Glc+Gly cells. Thus, in the absence of glycine, a greater need exists for the
WLP acting to dispose of electrons. Similarly, BHIS growths that are rich in electron
acceptor substrates produced the smallest amounts of AcsB, indicating little or no
utilization of the WLP when Stickland acceptors are plentiful. Interestingly, the largest
amounts of AcsB were not produced in the slower growing Glc-only cultures in the
absence of glycine but rather were found upon addition of alanine to challenge faster
growing cultures with an excess of oxidizable substrate under the Gly/Ala conditions.

Assays of key enzymes as indicators of functional energy-generating pathways. (i)
CODH, MTR, and glycine reductase. To help identify which energy-generating path-
ways or combinations thereof are most active under the different growth conditions,
cell extracts were prepared and assayed for a number of critical enzymes. As shown
in Fig. 7, the activity of carbon monoxide dehydrogenase (CODH) and N°N70-
methylenetetrahydrofolate reductase (MTR), both essential enzymes in the WLP, par-
alleled the AcsB expression pattern seen on Western blots. As with AcsB, the highest
levels of these enzymes were found in Gly/Ala cells, followed by the Glc-only growth.
Addition of glycine suppressed the amounts of both CODH and MTR relative to the
Glc-only condition, and almost no activity was observed in BHIS. Glycine reductase (GR)
was most active in the Glc+Gly cells and Gly/Ala cells, where glycine remains as the
only Stickland acceptor available. Indeed, addition of glycine in complex growth media
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FIG 6 Western blot analysis of AcsB levels in different growth media. Cell extracts prepared from the
large-scale growths indicated were analyzed by SDS-PAGE. Gels containing 12.5 g total protein per lane
were stained with Coomassie blue for protein (bottom, lanes 1 to 6), and 37.5 ug per lane of the same
samples was applied for Western blot assays of AcsB (top). Gly/Ala 2.2 and Gly/Ala 0.5 indicate Gly/Ala
growths with 2.2 and 0.5 mM glucose remaining at the time of harvest. Purified AcsB, 10 ng, was applied
on the outer lanes of the Western blot, and molecular weight markers (M) were included on the stained
gel. The estimation of equivalent amounts of protein loaded was verified by densitometric analysis of the
stained gel (center).

was previously shown to stimulate the production of glycine reductase (14, 49). GR is
a selenoenzyme complex that reductively deaminates glycine to yield acetyl phos-
phate, a process which provides energetic benefits both for substrate level phosphor-
ylation (SLP) to generate ATP directly and by acting as an efficient Stickland acceptor
(reviewed in reference 50). Genes encoding the selenocysteine-containing subunits
GrdA and GrdB are present in an 8-gene cluster (within the region CD2348 to CD2357)
in an identical arrangement to that found in C. sticklandii (51). Near the end of growth
in Gly/Ala medium, as glucose availability diminished, GR activity also declined (cf.
Gly/Ala 2.2 versus Gly/Ala 0.5), while the WLP activities of CODH and MTR and AcsB
protein levels all increased. These results suggest that as electron flux through GR
declines, C. difficile compensates by switching to increase its reliance on the WLP
pathway.

(ii) Formate dehydrogenase and hydrogenase. Formate dehydrogenase (FDH)
assays showed almost no activity in cells grown on BHIS; however, substantial activity
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FIG 7 Enzyme activities in C. difficile that reflect metabolic pathways active under different growth
conditions. Enzymes involved in a number of key pathways were assayed in anaerobic cell extracts
prepared from large-scale growths of C. difficile in BHIS and defined media indicated at the top. Gly/Ala
2.2 and Gly/Ala 0.5 indicate Gly/Ala growths with 2.2 and 0.5 mM glucose remaining at the time of
harvest. The substrates and products in bold font were measured directly in the assays described in
Materials and Methods. Enzyme specific activities are given in units per milligram extract protein. MV,
methyl viologen; BV, benzyl viologen; H,F, tetrahydrofolate.

was observed in cells fermenting glucose in all of the defined media (Glc+Gly, Glc only,
and Gly/Ala). FDH would reasonably function in C. difficile to support glucose utilization
by disposing of formate produced from pyruvate by the pyruvate-formate lyase reac-
tion, and C. difficile 630 harbors a gene cluster CD3313 to CD3317 encoding the
components of a reversible hydrogen-dependent CO, reductase complex, HDCR, re-
viewed in reference 52, that includes a molybdenum/tungsten- and selenocysteine-
dependent formate dehydrogenase (FdhF) and an [Fe-Fe] hydrogenase (HydA) likely
involved in converting formate to CO, plus H,. The intrinsic hydrogenase activity of
the HydA component in HDCR may account for a portion of the separately measured
hydrogenase activities under all of the defined medium conditions. However, the
hydrogenase activity observed in cells grown in BHIS is probably due to a different
enzyme, because almost no FDH activity was produced in BHIS.
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A different hydA gene in C. difficile is part of a three-gene cluster, CD3405 to CD3407,
encoding homologs of the HydABC proteins with high sequence similarity to the
subunits in the trimeric [Fe-Fe] electron-bifurcating hydrogenases that have been best
characterized in species such as Thermotoga maritima, Acetobacterium woodii, Moorella
thermoacetica, and Ruminococcus albus (53-56). Reversible electron-bifurcating hydro-
genases (operating in the direction of confurcation to form H,) allow for reoxidation of
NADH by coupling the otherwise endergonic process of proton reduction by NADH to
the exergonic oxidation of reduced ferredoxin. Evolution of H, by C. difficile growing in
BHIS (see Table S1 in the supplemental material) would allow for greater net substrate
oxidation and generate more ATP per mole of substrate consumed than would be
possible if NAD* regeneration were to proceed by other means that would require a
portion of the available carbon substrates to be used as electron acceptors. Three other
genes encoding [Fe-Fe] hydrogenase homologs, with cysteine ligands at appropriate
positions to potentially form an active site H cluster, are also present in the genome,
namely, CD0893, CD0894, and CD3258; however, it is uncertain to what extent these
other proteins contribute to the measured hydrogenase activity or what their functions
may be.

(iii) Serine deaminase/dehydratase. Growth on BHIS is characterized by extensive
amino acid catabolism, with leucine, serine, threonine, cysteine, and isoleucine being
consumed in the largest amounts (see Table S2). Deamination reactions produce a total
of around 20 MM ammonia, and a substantial amount of nitrogen is also disposed of by
conversion of pyruvate to alanine, with as much as 9 to 10 mM alanine being secreted
during growth. Glycolysis and the deamination of serine and cysteine are potentially
the largest sources of pyruvate and, in comparison with defined media that contain
neither serine nor cysteine, serine deaminase activity was found to be especially high
in BHIS-grown cells (Fig. 7). As a likely candidate, C. difficile sdaB CD3222 encodes a
serine deaminase (also termed serine dehydratase) that is a member of the pyridoxal-
5'-phosphate (PLP)-independent, iron sulfur cluster-containing, single polypeptide
chain, type 2 L-serine dehydratases that have been best studied in Legionella pneumo-
phila and are widely distributed in prokaryotes (57, 58).

(iv) Transaminases supporting leucine and alanine metabolism. Extensive ca-
tabolism of leucine requires as a first step the conversion to its keto acid form. The usual
pathway involves transamination with a-ketoglutarate (a-KG) to produce glutamate
plus a-ketoisocaproic acid, with regeneration of a-KG by oxidative deamination of
glutamate by glutamate dehydrogenase (GDH), producing NH; and NADH. The gluD
gene CD0179 encodes GDH, and recombinant C. difficile NAD-dependent GDH has been
purified and characterized (59). As a secreted enzyme measured clinically in stool
samples as one tool to diagnose C. difficile infection (CDI) (60), GDH confers resistance
to H,0, (61) and is important for colonization in a hamster model (62). In contrast, it is
unclear what gene(s) encodes transaminase activities for branched-chain amino acid
(BCAA) utilization. In particular, no orthologs have yet been identified for a-KG- or
alanine-synthesizing BCAA aminotransferases for C. difficile in the KEGG (Kyoto Ency-
clopedia of Genes and Genomes) pathway database. However, as shown in Fig. 7, high
levels of leucine:a-KG aminotransferase activity are indeed observed in the extracts.
Substantial amounts of glutamate:pyruvate aminotransferase activity are present as
well. In BHIS-grown cells, the Leu—Glu activity was higher than in cells grown in
defined media; by contrast, Glu—Ala activity was usually lower in BHIS. Moreover, the
ratio of the activities (Leu—Glu versus Glu—Ala) was always greater than 1 in BHIS and
substantially less than 1 in the defined media. These results indicate that a selective
branched-chain or leucine-selective transaminase likely exists for degradation of leu-
cine that is yet to be identified. Furthermore, by excretion of alanine generated from
readily available sources of pyruvate (e.g., glucose, serine, and cysteine), the combina-
tion of aminotransferase activities affords a means for C. difficile to convert leucine to
its keto form by a redox-independent process to regenerate a-KG, without involving
GDH and the need to dispose of NADH.
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(v) Proline reductase produced in the absence of proline. Considering that
proline is entirely absent in the defined media, it seemed at first counterintuitive to find
a large increase in proline reductase (PR) activity versus that in BHIS (Fig. 7). PR serves
an important Stickland acceptor function, as reducing equivalents are consumed and
NAD is regenerated in the conversion of proline to 5-aminovalerate. PR is a selenoen-
zyme complex encoded by the prd operon CD3237 to CD3247 that is upregulated in a
proline-responsive manner by PrdR (49). Acting as a o>*-dependent activator protein,
PrdR is a member of the bacterial enhancer binding proteins (bEBPs), many of which
respond to environmental signals through ligand-binding regulatory domains (63, 64).
Our finding of high PR activity in the absence of proline indicates that transcription of
the prd operon is unlikely to be activated solely by a PrdR-dependent mechanism and
suggests the additional involvement of ¢7° or a different alternative sigma factor.
Moreover, by analysis of the catabolite control protein CcpA regulon in C. difficile,
Antunes et al. (65) showed that expression of prd genes is induced by glucose and
positively controlled by CcpA, and they confirmed by electrophoretic mobility shift
assays (EMSAs) that the promoter of prdA contains a catabolite responsive cre site
to which CcpA binds. Thus, our data showing the increased expression of PR in the
absence of proline can be reasonably interpreted as a result of induction by glucose
under the control of CcpA.

(vi) CoA transferase activity in the production of butyrate. Butyryl-CoA:acetate
CoA transferase catalyzes the formation of butyrate by reaction of acetate with butyryl-
CoA. Instead of converting butyryl-CoA to butyryl phosphate and generating ATP via
butyrate kinase, this enzyme allows the cell to directly maintain the pool of acetyl-CoA
by using acetate from the medium to recapture the thioester bond of butyryl-CoA as
butyrate is released. Therefore, assays were performed to determine the activity under
the different growth conditions. As shown in Fig. 7, activity was readily detected in cell
extracts of both BHIS and the defined media. Activity was highest in BHIS and the
Glc-only growths and notably lowest in Glc+Gly cells. Two candidate CoA transferase
genes (cat? CD2343 and cat2 CD2339) are present within a cluster of genes assumed
to be involved in succinate and succinate semialdehyde conversion to butyrate, and
another more distantly related succinyl-CoA:acetoacetate transferase (two subunits
encoded by CD2677 and CD2678) is also annotated, presumably involved in a different
pathway. An additional CoA transferase (hadA CD0395) involved in the reduction of
leucine can be excluded, because it has high substrate specificity and does not act on
acetyl-CoA or butyryl-CoA (66).

As a substrate for the transferase, acetate is known to stimulate butyrate production
and increase the growth rates of a number of Clostridia and other anaerobic butyrate-
producing species relevant to the gut microbiome, e.g., in Clostridium thermobutyricum
(67), and in intestinal species such as Roseburia and Faecalibacterium (68). Acetate also
stimulates and helps to stabilize solvent production during repeated subculture of
Clostridium beijerinckii (69) and is absolutely required in the medium for cultivation of
the predominantly butyrate-forming Clostridium kluyveri (70). By comparison with C.
kluyveri, the most likely candidate for butyryl-CoA:acetate CoA transferase in C. difficile
is the cat2 gene CD2339 product whose sequence is 55% identical to authentic C.
kluyveri cat3 protein active in the pathway of acetyl-CoA reduction to butyrate (71).

The activity of butyryl-CoA:acetate CoA transferase in BHIS growths was lower at 5 h
but increased substantially by 12 and 17 h (Fig. 7). Our data indicate that formation of
butyrate occurs late during growth in media containing leucine (e.g., BHIS and others)
and that little production of butyrate takes place as long as more-preferred electron
acceptors such as leucine are available. This agrees with findings of others (46) who
showed late production of butyrate in C. difficile minimal medium (CDMM) in which
leucine was consumed entirely and showed that no butyrate was formed at all in a
minimal defined medium (MDM) (72) containing higher initial levels of proline and in
which substantial leucine still remained at the end of the growth. During the early
phase of growth in BHIS, the low rate of butyrate production that occurs while better
electron acceptor substrates are still available would explain why butyryl-CoA trans-
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ferase activity is initially lower and then subsequently increases over time as the more
favorable substrates become depleted. Because the Glc+Gly cells contain highly active
glycine reductase, there is no need to dispose of electrons by reducing acetyl-CoA to
butyrate, which explains why very low levels of butyryl-CoA:acetate CoA transferase are
produced. In contrast, high levels of activity are observed in the Glc-only growth, which
would be consistent with the pathway of acetyl-CoA reduction to butyrate functioning
to support glucose utilization by these cells.

Effect of acsB deletion on growth, glucose uptake, and acetate production. To
better delineate the role of the WLP in C. difficile, a mutant containing a defined
in-frame deletion of acsB was produced by allele exchange using Escherichia coli codA
as a heterologous counterselection marker according to the procedure developed by
the Minton laboratory (73), as described in Materials and Methods. In comparison with
the wild type, the mutant C. difficile 630 AacsB exhibited little or no difference in the
OD¢q, Vversus time growth curves obtained in BHIS. Among the various newly defined
media, a small but reproducible decrease in growth rate was seen under the Glc-only
condition, but no noticeable differences were found under other conditions, including
Gly/Ala medium, which yields especially precise and reproducible growth curves for
comparisons.

In the course of exploring different compositions of defined media, it was found that
some of the conditions lacking acetate produced a pronounced lag phase that could
be shortened or eliminated altogether by addition of relatively low levels of sodium
acetate in the range of 2 to 5mM. As shown in Fig. 8, acetate limitation had a
substantially greater effect on the acsB mutant (Fig. 8, open symbols) than on the wild
type (Fig. 8, closed symbols). As the amount of acetate added to the medium was
decreased below 2 mM, both the growth rate and the maximum OD,, were decreased
in the mutant to a much greater extent than in the wild type. In addition, the glucose
uptake profiles (Fig. 8, red circles) showed that as acetate became increasingly scarce,
the time course for substrate utilization by the mutant became increasingly longer, as
the maximum rate at which the cells were able to use glucose declined. Measurements
of the amount of acetate formed over time (Fig. 8, right, blue symbols) showed a
marked decrease in the ability of the mutant to produce acetate, regardless of the
growth rate or the final extent of growth or the amount of acetate initially added.
Complementation of the mutant by introduction of a plasmid containing acsB under
the control of the native WLP promoter (see Materials and Methods) provided an
increase in both the growth and acetate production compared with that in the acsB
mutant. However, neither growth nor acetate production was completely restored to
the wild-type levels (see Fig. S1, green X and + symbols and blue + symbols). Notably,
the maximum rates of glucose utilization achieved by the complemented strain were
much higher than those in the mutant, particularly at low acetate levels, and nearly
equal to those of the wild type (Fig. S1, red + symbols).

Attempts to interpret the effects of inactivating the WLP on acetate production
under other growth conditions, such as in Gly/Ala medium, are complicated by the fact
that large amounts of acetate are generated from other substrates, e.g., reduction of
glycine and oxidation of alanine, both of which are present in high concentrations in
Gly/Ala medium and extensively metabolized to acetate. However, the data from
growth conditions that contain only glucose and CO, as carbon sources, shown in Fig.
8, provide convincing evidence that the WLP acts both to increase the production of
acetate and to support the metabolism of glucose.

Fermentation product analyses of the wild type and acsB mutant— evidence
for WLP coupling to butyrate formation. To obtain insight into how the WLP promotes
the utilization of glucose in C. difficile, fermentation products were quantified by gas
chromatography (GC) and high-performance liquid chromatography (HPLC) methods as
described in Materials and Methods. The major products present at the end of the Glc-only
fermentation were ethanol, formate, acetate, butyrate, and small amounts of lactate. In
addition to these, other end products that were readily identified in growths on BHIS and
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FIG 8 C. difficile wild-type and AacsB mutant growth, glucose consumption, and acetate production in
glucose-only (Glc-only) medium under acetate-limiting conditions. Glc-only medium containing decreas-
ing amounts of sodium acetate was used to compare growth characteristics of the wild type (closed
symbols) and the AacsB mutant (open symbols). Graphs on the left show growth (OD,, black symbols)
and glucose consumption (red symbols), whereas those on the right show acetate production (blue
symbols) from the same growths and the corresponding glucose consumption curves for comparison.

under other conditions were not detectable in the Glc-only growths at the sensitivity limits
of our assay methods. These included 1-butanol, isobutanol, isobutyric acid, n-valeric and
isovaleric acids, 2-methylbutyric acid, n-caproic and isocaproic acids, and the a-keto acids
(pyruvic, a-ketoisovaleric, and a-ketoisocaproic acids). As shown in Fig. 9, the mutant
(orange) produced notably increased amounts of reduced products ethanol and lactate
regardless of the initial acetate concentration in the culture, whereas in the wild type,
production of acetate was substantially higher (Fig. 9, dark plum). These data indicate that
pathways of ethanol and lactate formation were being used to a greater extent for the
disposal of reducing equivalents in the cells lacking a functional WLP. As already suggested
by the AcsB levels and enzyme activities under different growth conditions (Fig. 6 and 7),

October 2020 Volume 202 Issue 20 e00233-20

Journal of Bacteriology

jb.asm.org 14


https://jb.asm.org

Role of the Wood-Ljungdahl Pathway in C. difficile

WTH AacsB @

0.25
- S50
< 020 E
= = 4.0
E 2
0.15 -
i) T30
©
e €
S 010 5
i £ 20
:
S oos £10
(8]
© <
0.00 0.0
1.0 0.5 0
0.8 0.5
0.4
_. 06 —
= S
£ €03
3 04 )
© B
> 5 02
= ©
> —
@m 0.2
0.1
0.0 0.0
2.0 1.0 0.5 0 2.0 1.0 0.5 0
6 16
5
— = 12
= 4
€ E
— [J]
8 3 = 8
© €
< e
i (S
el |
1
0 1.0 0.5 0="%0 1.0 0.5 0
Acetate added (mM) Acetate added (mM)

FIG 9 Fermentation product comparisons of C. difficile wild type and AacsB mutant. Samples removed
from cultures of C. difficile wild type and AacsB mutant grown in Glc-only medium at different levels of
added acetate (0 to 2 mM), presented in Fig. 8, were taken over time and analyzed for glucose and
volatile organic compounds by GC, HPLC, and enzymatic assays, as described in Materials and Methods.
The maximum rates of glucose consumption during the growths are compared, along with the final
concentrations of products acetate, butyrate, lactate, ethanol, and formate present at the end of the
fermentations. The averages from duplicate cultures are plotted, error bars indicate the differences
between them.

the increased formation of reduced products in the acsB mutant provides further evidence
for a role of the WLP in C. difficile as a terminal electron sink to support growth on glucose.

The amount of formate generated was largely independent of the initial acetate
concentration or other parameters such as growth rate or the maximal extent of
growth. This likely reflects an equilibrium concentration of formate, which is calculated
to be in the range of 10 to 20 mM on the basis of the E;" values for the CO,/formate
and H*/H, couples (74) at the final pH and the concentrations of H, and CO, available
in the atmosphere. However, accumulation of formate was notable even in the absence
of added H,, for example, in BHIS and in the Gly/Ala growths, which produce around
3 to 4 mM formate.

In addition, Fig. 9 shows that in contrast to that of ethanol and lactate, the
production of butyrate was substantially lower in the acsB mutant, and the amount of
butyrate formed dropped sharply as acetate availability decreased. Why butyrate,
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FIG 10 Relative TcdA toxin levels in cells grown in BHIS and in defined media. Cell extracts prepared from
the large-scale growths indicated were analyzed by SDS-PAGE on an 8% acrylamide gel with equivalent
amounts of protein, 37.5 ug, applied per lane. The loading pattern was the same as for Fig. 6. Western
blot analysis employed mouse monoclonal anti-TcdA as the primary antibody and was developed and
imaged as indicated in Materials and Methods. Relative TcdA band intensities were 10.8, 13.0, 1.00, 1.66,
2.11, and 1.55 for the BHIS 12 h, BHIS 17 h, Glc+Gly, Glc-only, Gly/Ala 2.2, and Gly/Ala 0.5 extracts,
respectively.

which is also a reduced product, was markedly diminished whereas ethanol and lactate
were increased can be rationalized along two lines. First, acetate is required by the
butyryl-CoA:acetate CoA transferase reaction to generate butyrate. Therefore, the
production of butyrate would be expected to decline as the level of acetate decreased.
Indeed, regardless of the amount of acetate initially added, much more acetate was
ultimately produced by the wild type containing a functional WLP than by the acsB
mutant. This indicates that the WLP acts to supply acetate that can be used to support
the formation of butyrate.

The second consideration is direct redox coupling of the WLP to the pathway of
acetyl-CoA conversion to butyrate. As indicated in Fig. 1A, butyryl-CoA is generated by
the electron bifurcating butyryl-CoA dehydrogenase-electron transferring flavoprotein
complex (Bcd-EtfAB), which consumes 2 NADH to reduce 1 mol of crotonyl-CoA and
transfers two low-potential electrons to ferredoxin (75-77). Because the WLP provides
a means to reoxidize the reduced ferredoxin formed by the electron-bifurcating
enzyme, knockout of the WLP is also expected to decrease the formation of butyrate by
impairing the ability to return ferredoxin to its oxidized state. Other means to reoxidize
ferredoxin, such as by H,-evolving hydrogenase, are made less favorable under the
1.4-atm H, partial pressure added to the Glc-only tubes; however, hydrogen is not
inhibitory to the WLP. Thus, the data suggest that coupling of the WLP and butyrate
pathways provides an energetically efficient means to regenerate NAD™, with a theo-
retical value of 5 NADH oxidized for each acetyl-CoA converted to butyrate (see
Discussion).

Toxin production under the different growth conditions. Toxin expression by C.
difficile is affected by a number of environmental signals, among which nutritional
factors, such as carbon source and the availability of certain amino acids, play a critical
role. Regulatory systems involving carbon catabolite repression mediated by the reg-
ulatory protein CcpA, and the response to the level of GTP and branched-chain amino
acids acting through the global regulator CodY, control the expression of TcdA and
TdcB toxins by binding upstream of the tcdR gene, which encodes a sigma factor
specifically involved in transcription of the toxin genes (65, 78-82). To assess the
relative levels of toxin expression in cell extracts from the various growth conditions,
Western blots were made using anti-TcdA antibodies. The analysis shown in Fig. 10,
which used equivalent loading amounts of the same samples as for AcsB in Fig. 6,
indicates that the amount of TcdA was much greater in cells grown on BHIS than in any
of the defined media, up to 13 times higher on the basis of TcdA band signal intensity.
The toxin levels in BHIS cells were relatively constant throughout the time course of
growth, from exponential through stationary phase (see Fig. S2). Amino acid starvation
is associated with toxin induction, and cysteine and proline are the most potent amino
acids that suppress toxin formation (72, 83). However, neither of these amino acids is
present in the defined media developed here. In addition, although both Cys and Pro
are rapidly consumed early in BHIS growths, which could result in a lack of toxin
suppression in that medium, their absence in the defined media would not explain the
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low level of toxin production there. Moderate repression of toxin production by other
amino acids, including alanine and glycine, has also been reported (83), which at first
glance might explain the low levels of toxin in the Gly/Ala and Glc+Gly media.
However, low levels of toxin are also found in the Glc-only medium that contains only
low concentrations of a minimal set of amino acids (methionine, tryptophan, isoleucine,
and valine). These results point to factors other than amino acid availability for
suppression of toxin under the defined medium conditions. Here, the mechanism of
glucose control over toxin expression appears to predominate, and CcpA-mediated
regulation in response to glucose seems likely.

DISCUSSION

In this study, the role of the Wood-Ljungdahl pathway in C. difficile was investigated
by developing novel conditions for growth in the absence of favored amino acid
Stickland acceptors. Only minimal levels of key WLP enzymes CO dehydrogenase
(CODH) and acetyl-CoA synthase (AcsB) were expressed in rich media containing large
amounts of electron acceptor substrates. Under these conditions, CODH activity was at
the limit of detection in sensitive enzymatic assays, and AcsB was estimated to be at or
below 0.01% of total protein on Western blots. Similarly, CODH was virtually undetect-
able in extracts of C. sticklandii, a genetically and metabolically related bacterium that
also harbors a complete set of WLP genes (51). Given the wide variety of electron-
accepting pathways available to C. difficile, we hypothesized that if the WLP acts in a
reductive role, then higher levels of WLP proteins might be observed under conditions
in which the more-preferred acceptors were absent. Our attempts to simply transfer
cells obtained from various growing or stationary-phase cultures to nonpermissive
conditions, under which they are metabolically unprepared to maintain energy require-
ments, did not result in a lag phase with eventual growth but instead caused extensive
autolysis and thereafter no subsequent increase in ODgy, OVver time. In contrast to an
earlier report (45), we were unable to demonstrate autotrophic growth of C. difficile
under a pressurized gas phase of H, plus CO,. Since our results in defined media
verified that tryptophan is absolutely required for growth, as expected by the lack of
genes needed for its biosynthesis (19), we also attempted autotrophic growths with
added tryptophan, which were also unsuccessful. Although we were not able to obtain
autotrophic growth, it was possible to shift cells to more restrictive conditions and by
adaptation to overcome the problem of autolysis.

Adaptation to decrease the dependence on Stickland acceptors redefines C.
difficile essential amino acid requirements. Adaptation to growth in the absence of
proline and leucine was achieved during growth in ADM, which contains low concen-
trations of these preferred Stickland acceptors, consumed early in the fermentation,
while most of the glucose still remains available to support continued growth (Fig. 3).
Following adaptation, C. difficile was able to grow in the absence of added proline and
leucine, conditions that would be less conducive to regeneration of NAD™, especially
considering how rapidly these amino acids are reduced in complex media. In vivo
metabolomic studies by others revealed an utmost importance of proline (by inference
from its product 5-aminovalerate), which undergoes large changes in concentration
soon after infection (8), and it has been reported that a C. difficile mutant in which the
proline reductase prdB gene was disrupted exhibited a decreased ability to colonize
germfree mice transplanted with human fecal samples from either dysbiotic or healthy
individuals (84). The same prdB mutant was originally described and shown in reference
49 to grow almost as well as the wild type in complex media. C. difficile strains,
including C. difficile 630, have been reported to be auxotrophic for proline, and our
findings agree with others (17, 84) that growth does not occur when proline is simply
omitted from defined media. However, our data show that C. difficile 630 indeed is able
to grow in minimal media without proline provided that prior adaptation has been
established. Thus, proline can no longer be considered an essential amino acid for C.
difficile.
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Biosynthesis of proline is required under the minimal nutritional conditions de-
scribed here; however, it is unlikely to occur by the standard pathway involving
glutamate 5-kinase and glutamate-5-semialdehyde dehydrogenase in the first two
steps, because C. difficile lacks proB and proA homologs encoding these enzymes.
Instead, the less common pathway, in which proline is derived directly from ornithine,
is indicated, because C. difficile appears to contain a complete set of ornithine biosyn-
thetic genes and a putative ornithine cyclodeaminase (OCD) gene CD0544 is also
present. Furthermore, CD0544 is highly similar to OCD genes found in C. sporogenes
and Clostridium botulinum, species whose extracts actively convert ornithine to proline
(85). Therefore, it seems unlikely that authentic proline auxotrophy would be a general
trait in C. difficile.

Leucine is another amino acid that our data indicate is not essential for C. difficile.
When available to the cells, leucine is a highly preferred Stickland acceptor. In the
leucine-rich BHIS, it is entirely consumed and almost exclusively reduced to isocaproic
acid, with less than 2% undergoing oxidation, as judged by the relative amounts of
isocaproic and isovaleric acids found (see Table S2 in the supplemental material). This
is consistent with the likely function of leucine as a positive activator of the reductive
catabolic pathway, which is thought to be regulated by a leucine-responsive bacterial
enhancer binding protein LeuR required for o°4-dependent transcription of the
hadAIBC-acdB-etfBA operon (64). The reductive pathway relies on a “radicals by reduc-
tion” (86) strategy that involves ATP-dependent low-potential activation of the key
enzyme 2-hydroxyisocaproyl-CoA dehydratase, whose catalytic role is to generate a
remarkable ketyl radical intermediate from the substrate 2-hydroxyisocaproyl-CoA,
which can then undergo dehydration and subsequent conversion to the product
isocaprenoyl-CoA (87, 88). Thereafter, reduction of isocaprenoyl-CoA and conversion to
isocaproic acid proceeds by way of flavin-based electron bifurcation to regenerate 2
NAD* and capture two low-potential equivalents in reduced ferredoxin (89, 90).
Growth in the absence of leucine deprives C. difficile of this very efficient reductive
pathway and, at the same time, also requires a biosynthetic route to supply leucine for
anabolic processes. Homologs of all the genes in the ilv and leu pathways needed for
de novo synthesis of the keto forms of lle, Val, and Leu are present in the genome.
Although a transaminase candidate then needed in the final step to complete the
formation of the BCAAs has yet to be identified in the KEGG database, our enzyme
assays (Fig. 7) indicate that a selective branched-chain or leucine-selective transaminase
may be involved.

In defined media lacking leucine, the amounts of its precursor keto acid required to
support protein synthesis potentially could be produced from valine supplied in the
medium after conversion to the common intermediate a-ketoisovalerate. This inter-
mediate is also needed for biosynthesis of pantothenate and coenzyme A, and in
Gram-positive bacteria, branched-chain keto acids serve as precursors for branched-
chain fatty acids that make up major components of membrane lipids. Upregulation of
ilv and leu pathways in BCAA-limited media, involving the global regulator CodY as
sensor of the availability of GTP and BCAAs, is indicated by the strong induction of ilv
and leu genes in a C. difficile codY null mutant (80). The need to provide low levels of
isoleucine and valine in the defined media devoid of leucine described here may reflect
a high demand for BCAAs and their keto acid precursors for multiple anabolic pathways
that could be difficult to satisfy completely by de novo biosynthesis acting alone.

Reductive function of the WLP in C. difficile. Our results indicate that C. difficile
uses the WLP to dispose of metabolically generated reducing equivalents, and hence
the WLP is included in this bacterium’s repertoire of multiple diverse reductive path-
ways. This is supported by the following lines of evidence. First, WLP expression
increases progressively as Stickland acceptors are increasingly withheld from the
various media, as indicated by Western blot analysis of AcsB (Fig. 6). The levels of AcsB
rise markedly when proceeding from BHIS, a complex medium that contains large
amounts of efficient electron acceptors such as proline and leucine, to the Glc+Gly
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medium, in which glycine is the only Stickland acceptor provided. A further increase in
AcsB is seen when comparing the Glc+Gly medium to the Glc-only condition, in which
glycine has been removed, leaving no remaining amino acids able to act as electron
acceptors. The data indicate that C. difficile readily takes up and excretes alanine from
the medium as a means of balancing redox status, and AcsB is maximally elevated
when 10 mM alanine is added to the Glc+Gly medium. Thus, the presence of large
amounts of alanine in the Gly/Ala medium creates a demand for additional activity and
flux through reductive pathways due to the added load of oxidizable substrate,
consequently leading to the upregulation of the WLP. A second line of evidence comes
from the comparison of enzyme activities in cell extracts. As expected for key enzymes
in the pathway, the activities of CO dehydrogenase (CODH) and methylenetetrahydro-
folate reductase (MTR) follow the pattern seen for AcsB expression in the various
extracts (Fig. 7). Moreover, enzymes in other reductive pathways, such as proline
reductase (PR) and glycine reductase (GR), most often also show increased activity in
the defined media compared with that in BHIS, which again points to a greater demand
for removal of reducing equivalents. Compared with the Glc-only medium, GR activity
in the glycine-containing Glc+Gly medium exhibits an inverse relationship with respect
to the WLP, as indicated by the activities of CODH and MTR (Fig. 7) and the levels of
AcsB (Fig. 6). A similar inverse pattern is seen with GR and the WLP when the two
Gly/Ala conditions are compared with one another. Taken as a whole, this suggests that
at low GR activity the WLP steps up to take on its reductive function. In addition, in the
defined media in the absence of glycine, the high activity of butyryl-CoA:acetate CoA
transferase suggests an increased reliance on the reductive pathway converting acetyl-
CoA to butyrate. A third line of evidence that the WLP functions in a reductive capacity
in C. difficile comes from the comparison of fermentation products generated by
wild-type cells and by the acsB mutant (Fig. 9), in which loss of a functional WLP results
in a marked decrease in the amount of acetate produced accompanied by the excretion
of greater amounts of other reduced products ethanol and lactate.

The effects of limiting the availability of electron acceptors, increasing the load of
oxidizable donors, and disabling the WLP by deletion of acsB all point to an increased
requirement for regeneration of NAD*. In C. difficile and many other Gram-positive
bacteria, global regulation of various reductive pathways involves the redox-sensing
transcriptional repressor Rex, which directly responds to the NADH/NAD™ ratio (91-94).
Rex binds to DNA under low NADH/NAD* conditions, repressing its target genes; as the
NADH/NAD™* ratio increases, binding of NADH to Rex results in a conformational
change, dissociation of Rex from its operator sites, and derepression of genes in
NAD*-regenerating pathways. In C. difficile, various reductive pathways in which Rex
binding to target genes has been demonstrated by EMSA analyses include butyrate
formation from both succinate and acetyl-CoA, ethanol production, and glycine reduc-
tase (95). We note that putative Rex-binding sites exist in the C. difficile WLP promoter,
and a Rex-binding motif was also identified previously in the WLP promoter in C.
ljungdahlii and Clostridium carboxidivorans and confirmed by EMSA (96). Therefore, in
our defined media from which favored acceptors are withheld, as well as when cells are
challenged with large amounts of alanine, the expected increased NADH/NAD* ratio
may upregulate the expression of the WLP potentially by means of Rex-mediated
derepression.

Finally, additional regulatory controls of the WLP are not unexpected. Several potential
CodY-binding sites can be found in the C. difficile WLP promoter, and transcriptome
sequencing (RNA-Seq) studies on cells in exponential growth, involving a panel of CodY
point mutants with different levels of residual activity, show substantial increased transcrip-
tion of genes throughout the WLP operon, with the largest amount (4- to 5-fold) observed
in the CodY null mutant (97). Regulation in response to glucose, possibly involving CcpA or
other means (65), may also be integrated with Rex and CodY in a more complex network.

Connection of the WLP to glucose utilization and butyrate production. Enzyme
activity data and quantitative Western blot assays of AcsB taken as a whole indicate
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that the WLP pathway is on the order of 50- to 100-fold more active in cells growing
in the defined medium Gly/Ala than in BHIS in which activity is barely above the
limits of detection. However, even the highest levels found here are still relatively
low compared to that of typical acetogenic bacteria, even when grown hetero-
trophically. The specific activity of CO dehydrogenase in glucose-grown Clostridium
thermoaceticum (Moorella thermoacetica) (98) is 18 times higher than the maximum
activity in C. difficile reported here (Fig. 7). In addition, our assays of extracts from
fructose-grown C. ljungdahlii indicate a 43-fold higher CODH specific activity, and
Western blots show much higher intensities of C. [jungdahlii AcsB, even considering
that C. difficile antibodies were used (data not shown). As shown in Fig. 9, wild-type
C. difficile with an active WLP produces substantially greater amounts of acetate
than the acsB mutant. However, well-characterized acetogens can produce concentra-
tions of acetate on the order of ~50 mM, which is roughly 10- to 12-fold higher than
wild-type C. difficile growing under comparable glucose- or fructose-fermenting conditions
under an H,/CO, atmosphere.

It is clear that nature has chosen to maintain a functional WLP operon in C. difficile;
however, if it was never intended to be expressed at very high levels, then what
advantage does only a modest level of activity confer? One possibility is that low flux
through the pathway operates during glucose fermentation to increase the efficiency
of ATP production in connection with butyrate metabolism. This is supported by the
finding that butyrate formation is greatly diminished in the acsB mutant, whereas other
reduced products such as ethanol and lactate are elevated (Fig. 9). As depicted in Fig.
11, coupling of the WLP to butyrate production increases the efficiency of ATP
formation to 3.6 ATPs/glucose, compared with values of 2.0 and 3.0 for lactate and
ethanol fermentations, respectively. Homoacetogenic fermentation, which employs the
WLP and produces 3 molecules of acetate from glucose, would give a maximum of 4.0
ATPs/glucose, assuming no involvement of electron-bifurcating hydrogenase and Rnf-
type chemiosmotic mechanisms to capture additional energy from reduced ferredoxin.
In Acetobacterium woodii, that additional capture is estimated to be 0.3 ATP/glucose,
which is included in the 4.3 ATPs/glucose total calculated for the homoacetogenic
fermentation of glucose (99). Autotrophic acetogenesis, which produces 0.25 to 0.3 ATP
per acetate formed from 4 H, plus 2 CO, (100) demands a much higher flux through
the WLP. The required flux is related to the amount of acetate that must be formed by
the WLP to support the overall ATP yield from the fermentation. Thus, in autotrophic
growth, 3 to 4 acetates must be produced via the WLP for each ATP generated, which
can be compared with the much lower flux of 0.23 acetate/ATP in the homoacetogenic
case (where only one acetate formed in the WLP is all that is needed to balance the
redox requirements to produce 4.3 ATPs). As shown in Fig. 11, when coupled to
butyrate formation, the WLP needs only to generate 0.4 acetate to support a total of 3.6
ATPs, giving rise to the lowest flux level through the WLP of 0.11 acetate/ATP. When
glucose is available in limited amounts or at low concentrations, it would be advanta-
geous for C. difficile to maintain a high efficiency of ATP formation. Furthermore, by
acting in concert, much lower levels of expression of the WLP and butyrate pathway
enzymes would be sufficient to satisfy the redox requirements, which can be achieved
by diverting much less acetyl-CoA to form butyrate. Because of the high efficiency of
NAD™ regeneration by this type of “acetobutyrogenesis,” high rates of ATP generation
are possible even with relatively low levels of expression of the WLP. A similar strategy
may be more widely distributed in other organisms such as C. sticklandii that contain
the WLP but are not considered to be typical acetogens.

In the gut, this system would be less likely to operate in the presence of other
preferred electron acceptors. However, in vivo transcriptomic and in vivo metabolomic
studies demonstrate that C. difficile undergoes substantial changes in its metabolic
profile in response to decreasing nutrient availability that occurs during growth over
time postinfection (6-8, 101). In one study using mice pretreated with cefoperazone
and inoculated with C. difficile spores, a large increase in the differential expression of
all WLP genes, on average 50-fold, was found between 12 and 24 h postinfection (8).
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FIG 11 Approximate ATP yields from glucose in various anaerobic fermentation pathways and using the
Wood-Ljungdahl pathway coupled to butyrate formation. The efficiencies of ATP production from
glucose are compared. For simplicity, contributions from chemiosmotic mechanisms and membrane
complexes, such as Rnf, are excluded. In general, the efficiency of ATP production is highest when
organic products of the pathway are not required to serve as electron acceptors, which increases the
amount of acetyl-CoA available to produce ATP via SLP. A maximal level of 4.0 ATPs/glucose is expected,
provided that another pathway is used to fully regenerate NAD* and assuming that pyruvate is
converted to acetyl-CoA without producing additional redox equivalents either as NADH or reduced
ferredoxin. This assumption is reasonable for C. difficile given that formate is produced even in the
absence of added H, and that glycine and alanine are consumed in a 1:1 stoichiometry in the Gly/Ala
fermentation (see Results and Fig. 4). By comparison, the lactic acid fermentation yields the lowest
ATP/glucose ratio of 2.0, because no SLP from acetyl-CoA is possible. Diversion of one-half of the
acetyl-CoA to ethanol regenerates the necessary amount of NAD* and improves the ratio to 3.0.
Connection of the WLP pathway to the pathway for butyrate formation from acetyl-CoA results in a
further increase to 3.6, closer to the theoretical maximum. A total of 5 NADHs are consumed per mol
butyrate produced by this arrangement: 2 NADHs are used by the WLP to produce each acetate, which
enters into the butyryl-CoA:acetate CoA transferase reaction to form butyrate and regenerate acetyl-CoA,
and 3 NADHs are taken up for each acetoacetyl-CoA converted to butyryl-CoA (1 NADH from the
3-hydroxybutyryl-CoA dehydrogenase reaction, and 2 NADHs from the reduction of crotonyl-CoA
involving electron bifurcation by the Bcd-EtfAB complex that also conserves energy by producing 1 Fd_3,
which is then used to reduce CO, to CO in the WLP). However, only 2 NAD*s instead of 5 are needed
per glucose oxidized so that formation of 0.4 mol butyrate is sufficient to balance the fermentation using
butyrate/WLP coupling.

The 24-h time point is particularly noteworthy, because in studies on the dynamics of
infection, extensive proliferation occurs by that time at which maximum levels of C.
difficile CFU per milliliter in the cecum and colon are detectable (102). Our results that
identify new growth environments in vitro provide further indications that the meta-
bolic diversity and adaptability of C. difficile to changes in the nutrient environment are
greater than may have been previously appreciated.

Glycine cleavage/synthase complex subunits encoded within the WLP operon.
Colocalization of the genes gcvL CD0723 and gcvH CD0729 involved in the reversible
glycine cleavage system (GCS) within the WLP operon (Fig. 1B) is now recognized to be
considerably more widespread than originally indicated in reference 51. In addition to
eight of the acetogens compared in reference 103, there are at least 8 other acetogenic
and related bacteria that contain both gcvL and gcvH located within the WLP operon
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(Fig. 1B). Note that species that contain colocalized WLP and GCS genes include C.
sticklandii, C. sordellii, Clostridium bartlettii, Clostridium glycolicum, Clostridium bifermen-
tans, Tepidanaerobacter acetatoxydans, Alkaliphilus metalliredigens, and Peptostreptococ-
caceae bacterium VA2, in addition to the species listed in reference 103: Clostridium
aceticum, C. difficile, Clostridium drakei, Clostridium scatologenes, C. carboxidivorans,
Clostridium autoethanogenum, Clostridium ragsdalei, and C. ljungdahlii. The reason for
this colocalization is not well understood; however, our finding of the inverse expres-
sion pattern of the WLP and the glycine reductase (GR) system in C. difficile may provide
a clue. The GCS comprises four enzymes that reversibly oxidize glycine in reaction with
tetrahydrofolate to produce N*N’%-methylenetetrahydrofolate, CO,, and NH;. Besides
gcvl (encoding a flavoprotein dihydrolipoyl dehydrogenase) and gcvH (encoding a
heat-stable protein with covalently bound lipoamide), C. difficile possesses genes for
the other two GCS proteins located elsewhere in the chromosome gcvP CD1658
(encoding the P protein, glycine decarboxylase-containing pyridoxal phosphate)
and gcvT CD1657 (gene for the T protein, which catalyzes release of NH; from the
dihydrolipoamide-bound aminomethyl group and the transfer of the methylene
moiety to tetrahydrofolate).

In various species of aerobic and anaerobic bacteria, as well as in plants and animals,
GCS acts in the physiological direction of glycine decomposition. Recently, a biosyn-
thetic role for the system acting in the opposite direction of glycine synthesis in
cooperation with the WLP was proposed in the acetogen C. drakei under autotrophic
conditions (104). A clear demonstration that the GCS functions in the direction of
glycine synthesis for biomass assimilation from C, substrates was provided from
metabolic engineering studies (105) in which unequivocal '3C isotopic labeling exper-
iments proved that the GCS functions as a central module in an engineered strain of E.
coli capable of using CO, and either formate or methanol as the sole source of carbon
and energy for growth. We propose that the rationale for colocalization of components
of the GCS within the WLP operon could be related to the metabolic changes that are
required as cells adjust between abundant versus nutrient-deprived conditions. Gly-
cine, which is generally available in nutrient-rich environments, can both participate in
the highly favorable reductive pathway involving glycine reductase and enter directly
into biosynthetic pathways in which it acts as a direct precursor to supply critical
portions of the overall biomass. With glycine and other Stickland acceptors in abun-
dance, WLP activity is minimal, as its reductive function is superseded by GR and other
reductive processes and glycine biosynthesis is not required. However, as glycine and
other electron acceptors become increasingly scarce during nutrient depletion, the
upregulation of the WLP would then serve not only to dispose of reducing equivalents
no longer possible by way of GR but also to initiate carbon flow to synthesize glycine,
by virtue of coexpression of the required previously repressed GCS genes integrated
within the operon. Thus, during starvation, in the absence of glycine, induction of the
WLP operon would fulfill the biosynthetic requirement for glycine at the same time that
it steps in to function as a terminal electron sink. Glycine formed in this way could then
be converted to serine by serine hydroxymethyltransferase (SHMT) and thereafter form
pyruvate by a PFOR- and ferredoxin-independent pathway, which would help to
conserve reduced ferredoxin. Indeed, SHMT activity is barely detectable in extracts of
cells grown on BHIS but is easily assayed at much higher levels in cells grown on the
newly defined media (data not shown). Marked increases are found as well for a
number of other amino acid biosynthetic enzymes (preliminary results from proteomic
studies, not shown). Our data are consistent with such a colocalization/coinduction
mechanism to provide control over carbon assimilation through the biosynthesis of
glycine; however, further studies are needed to elucidate the precise modes of inter-
action between the WLP and GCS systems.

Toxin formation in relation to the WLP. The expression of C. difficile toxins TcdA
and TcdB is governed by several global regulators and is a complex process that
incorporates controls responsive to nutrient availability that regulate the activities of
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key metabolic pathways (82). Studies in vitro indicate that toxin expression increases as
cells enter the stationary phase (106), and in peptone-yeast extract medium, C. difficile
toxin synthesis in the stationary phase was correlated with increased expression of
alternative energy-conserving pathways, including butyrate formation and the WLP
(107). Our results agree with an increased level of WLP expression in the stationary
phase (Fig. 2), although toxin levels in cells grown on BHIS appear to remain relatively
constant (Fig. S2). It should be noted that the data presented here represent intracel-
lular levels of TcdA, as extracellular amounts were not measured. However, it is known
that even among individual cells, the intracellular content can vary, such that a bimodal
distribution of toxin in the population was observed by fluorescence reporter assays
(108). In contrast with the situation where toxin and WLP expression both tend to
increase in the stationary phase, the WLP activity increases as much as 50- to 100-fold
in the Gly/Ala medium relative to that in BHIS, but toxin levels show the opposite
pattern, such that TcdA is up to 13-fold higher in BHIS than in defined media (cf. Fig.
6 and 10). Thus, depending on nutrient availability and metabolic state, toxin expres-
sion and the WLP may be either coordinately or divergently regulated. The results are
consistent with repression of toxin synthesis in response to glucose as the overriding
mechanism in the defined media, while at the same time, the lack of adequate electron
acceptors results in derepression of the WLP.

MATERIALS AND METHODS

Bacterial strains and growth conditions. (i) BHIS. C. difficile 630 (ATCC BAA-1382) was routinely
cultivated in crimp-sealed stoppered 18-mm by 150-mm anaerobic culture (Balch) tubes at 37°C in
BHIS, which is brain heart infusion (BHI) medium supplemented with yeast extract and cysteine (109)
and modified to contain resazurin, CO,, and bicarbonate. Modified BHIS contained per liter 37 g BD
Bacto brain heart infusion, 5 g Bacto yeast extract, 1.68 g NaHCO,, 1 ug/ml resazurin, and 0.5 g
cysteine hydrochloride. All solid components except cysteine were dissolved in anaerobic H,O inside
a Coy-type anaerobic chamber (Coy Laboratory Products, Grass Lake, MI) and 10-ml aliquots were
added to the tubes and sealed. CO, gas, 5.0 ml, was then injected into the tube headspace to
produce an atmosphere after equilibration of ca. 18% CO, in a balance of N,. After autoclaving, the
tubes were stored in the anaerobic chamber, and prior to inoculation, 200 ul of a sterile anaerobic
2.5% cysteine-HCl solution was injected. Reproducible growth of BHIS day cultures was obtained by
inoculation with 0.12 ml from BHIS starter cultures grown to an OD,, of 0.6 to 0.8.

BHIS for plates contained per liter 37 g Bacto brain heart infusion, 5 g Bacto yeast extract, 15 g Bacto
agar, and 1 ug/ml resazurin. Before use, plates were incubated in the anaerobic chamber for several
hours, and 100 ul of a 10% cysteine solution was spread out per ~25ml agar. When appropriate,
antibiotics were used at the following concentrations: 250 ug/ml p-cycloserine, 8 wg/ml cefoxitin, and
15 pg/ml thiamphenicol. Plates were incubated at 37°C inside anaerobic jars under positive pressure with
an atmosphere of 87% N,, 9% CO,, and 4% H,. C. difficile minimal medium (CDMM) (110) containing
50 wg/ml 5-fluorocytosine was used for selection. Difco reinforced clostridial medium (RCM) was from
Becton Dickinson. E. coli strains were grown at 37°C in LB medium supplemented with 100 ug/ml
ampicillin or 25 wg/ml chloramphenicol or 50 ug/ml kanamycin as needed. Clostridium ljungdahlii was
grown in ATCC 1754 PETC medium.

(ii) Adaptation medium. Growth on adaptation medium (ADM) was used to eliminate the depen-
dence on proline and leucine. ADM contains 5 mM glucose, 10 mM glycine, 1.5 mM leucine, 0.75 mM
isoleucine, 0.25 mM valine, 0.5 mM proline, 0.22 mM methionine, and 0.16 mM tryptophan in a basal salt
mixture composed of 15.4 mM NaCl, 5 mM NaH,PO,, 5 mM K,HPO,, and 130 mM NaHCO,, equilibrated
with 100% CO, to give a final pH 6.9. In addition, 0.136 mM CaCl,, 0.45 mM MgCl,, 1.5 mM sodium sulfide,
20 uM Fe(NH,),(SO,),, and 1 uM Na,SeO, were present along with modified Wolfe's vitamin stock
solution (10 ml of 100X stock per liter) and trace element stock solution (10 ml of 100X stock per liter).

Vitamin solution (100X modified Wolfe's stock) contained per liter 2 mg biotin, 2 mg folic acid, 10 mg
pyridoxine-HCl, 5 mg thiamine-HCl, 5 mg riboflavin, 5 mg nicotinamide, 5 mg calcium p-pantothenate,
5mg p-aminobenzoic acid, 5 mg thioctic acid, and 0.05 ml of a 2 mg/ml vitamin B,, solution and was
stored frozen in aliquots. Before addition to the medium, thawed samples were made anaerobic by
bubbling with N, and filter sterilized.

Trace element solution (100X stock) contained per liter 2.46 g nitrilotriacetic acid disodium salt, 1.0
g MnCl,-4H,0, 0.2 g CoCl,:6H,0, 0.1 g NiCl,-6H,0, 1 ml of a 10 mM ZnSO,, solution, 1 ml of a 10 mM
CuS0, solution, 20 mg Na,Mo0O,-2H,0, and 12 mg Na,WO,-2H,0 and was prepared, filter sterilized, and
stored dark under anaerobic conditions.

To prepare ADM, 6 ml of basal salt mixture was added to Balch tubes, bubbled with 100% CO,, crimp
sealed, autoclaved, and stored inside the anaerobic chamber. On the day of inoculation, the tubes were
injected with the following sterile anaerobic components in order: (i) 90 ul of 0.1 M sodium sulfide, (ii)
a mixture of glucose, amino acids, CaCl, and MgCl, prepared from concentrated stock solutions to which
was added 60 ul of vitamin solution, and (iii) 66 wl of a mixture made from 60 ul of trace element solution
supplemented with 0.1 mM Na,SeO; and 6 ul of 20 mM Fe(NH,),(SO,),. For inoculation, a BHIS day
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TABLE 1 Large-scale growth metrics

Journal of Bacteriology

Amount
Growth condition Vol (liters) ODg,, at harvest Growth phase at harvest® Cell mass (g) g/liter g/liter/OD
BHIS 5h 0.8 1.073 exp 1.00 1.25 1.17
BHIS 12 h 0.5 1.815 stat 1.96 3.91 2.15
BHIS 17 h 0.5 1.720 stat 1.81 3.62 2.10
Glc+Gly 1.2 0.492 lexp 0.85 0.71 1.44
Glc only 1.2 0.354 lexp 0.93 0.78 2.19
Gly/Ala 2.2b 1.2 0.356 exp 0.58 0.48 1.36
Gly/Ala 0.5¢ 1.2 0.462 lexp 1.00 0.83 1.80

dexp, exponential phase; lexp, late exponential phase; stat, stationary phase.
bHarvested with 2.2 mM glucose remaining.
“Harvested with 0.5 mM glucose remaining.

culture was grown for 5 h to an ODg, of around 0.6, and 1.5-ml aliquots were centrifuged for 5 min at
3,000 X g inside the anaerobic chamber. The pellets were resuspended in 1.2 ml of ADM, and 0.22 ml of
cell suspension was used to inoculate each tube of ADM. Growth at 37°C was monitored by ODg.

(iii) Glycine/alanine medium. Gly/Ala medium was used for growth in the absence of proline and
leucine and contained glycine as the only Stickland acceptor. The medium contains 5mM glucose,
10 mM glycine, 10 mM alanine, 0.1 mM isoleucine, 0.21 mM valine, 0.22 MM methionine, and 0.12 mM
tryptophan with the same basal salt, vitamin, and trace element composition as ADM. The preparation
was identical to that for ADM tubes except that in step ii the mixture also contained 6 ul of 2 M sodium
acetate and 5 ul of 4.67 M NH,Cl. Gly/Ala tubes were inoculated with 0.4 ml of an ADM culture which had
been grown for 20 to 22 h to an ODg,, around 0.6.

(iv) Glucose plus glycine medium. Glc+Gly medium was identical to Gly/Ala medium except that
alanine was omitted. Preparation of the tubes and inoculation with cells grown on ADM was the same
as for Gly/Ala growths.

(v) Glucose-only medium. Glc-only medium was similar to Glc+Gly medium except that glycine was
omitted, such that the only amino acids present were valine, isoleucine, methionine, and tryptophan.
Cells were grown under 2.3 atm pressure containing 60% H, and 40% CO,. Tubes were inoculated with
0.6 ml of a Gly/Ala culture which had been grown for 22 to 24 h to an OD, of around 0.45.

Cell extracts from large-scale growths. The same medium compositions were used in the scale-up
to larger volume growths for harvest and preparation of soluble cell extracts. Large-scale cultures of 1.2
liters total were obtained by growth in two 1,000-ml serum stoppered anaerobic bottles (Chemglass Life
Sciences, LLC) each containing 600 ml of medium. Forty milliliters of an ADM culture with an ODg,, of
~0.5 was used to inoculate each bottle of 600 ml Gly/Ala medium. For glucose-only growths, three
1,000-ml bottles were used, containing 400 ml Glc-only medium each and pressurized to 2.3 atm with
60% H, and 40% CO,, as with tubes. Each bottle of 400 ml Glc-only medium was inoculated with 27 ml
of a Gly/Ala culture at an ODg,, of ~0.42. After reaching the desired amount of growth, cultures were
prechilled and harvested anaerobically by centrifugation at 6,000 X g for 10 min at 4°C. The pellets were
combined, and the final cell paste (collected after recentrifugation) was resuspended in 50 mM mor-
pholinepropanesulfonic acid (MOPS; pH 7.2), 100 mM NaCl using approximately 2.5 ml of buffer solution
per g cell paste and then frozen by dripping into liquid N,. Cell yields, ODg,, values measured at harvest,
and other parameters for the large-scale growths are given in Table 1. To prepare soluble extracts, 1 g
of drip-frozen pellets was ground with a mortar and pestle chilled with liquid N, inside the anaerobic
chamber. The powder was transferred to an O-ring screw-cap microcentrifuge tube and allowed to thaw
in the presence of 1 ug DNase and 0.5 mM MgCl,. The supernatant obtained after anaerobic centrifu-
gation at 11,000 X g for 10 min at 4°C was then drip frozen in liquid N, and stored in the vapor phase
of a liquid N, storage unit.

Enzyme assays. All enzyme assays were carried out under strictly anaerobic conditions. One unit of
activity is the amount of enzyme required to catalyze the formation/disappearance of 1 umol of
product/substrate per min. Specific activities were obtained on the basis of protein concentration in the
extracts, assayed by the dye-binding method of Bradford (111).

CO dehydrogenase. CO dehydrogenase activity was measured in 100% CO gas saturated 0.1 M
Tris-HCl (pH 8.0) containing 10 MM methyl viologen (MV) at 25°C. Reactions were initiated by the
addition of extract and followed spectrophotometrically using an absorptivity value of reduced MV of
13.1mM~" cm~" at 600 nm (112). Units are reported based on moles of CO oxidized, which was taken
as one-half the rate of MV reduction.

Formate dehydrogenase. Formate dehydrogenase assays were modified from the methods used in
reference 113 and contained 25 mM sodium formate, 50 mM MOPS sodium salt (pH 6.5), and 5 mM
benzyl viologen (BV) at 25°C under a 100% N, atmosphere. The rate of formate oxidation was taken as
one-half the rate of BV reduction calculated using 11.0 mM~" cm~" as the absorptivity of reduced BV at
600 nm.

Hydrogenase. Hydrogenase was measured in reaction mixtures containing 50 mM Tris-HCI (pH 7.5)
and 5 mM benzyl viologen equilibrated and maintained under an atmosphere of 100% H, at 25°C. Rates
were determined as described for formate dehydrogenase and are reported as units of H, oxidized.

N?,N"°-Methylenetetrahydrofolate reductase. The assay for methylenetetrahydrofolate reductase
was developed on the basis of previously reported methods (114-116). The principle of the assay was
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HPLC quantification of both the disappearance of N°,N'-methylene-H,F and the formation of N5-methyl-
H,F in aliquots removed over time from reaction mixtures containing dithionite-reduced benzyl viologen
as reducing agent. Fresh substrate solution N*,N'>-methylene-H,F was prepared in advance by separate
nonenzymatic reaction of 5mM formaldehyde with 2 mM tetrahydrofolate (H,F) in 20 mM potassium
phosphate (pH 7.5). For this, H,F was added from a 23 mM anaerobic stock solution obtained by
dissolving 50 mg of (6S)-tetrahydrofolic acid, purity >95% (Cayman Chemical Co., Ann Arbor, Ml), in 5 ml
of 0.1 M HEPES sodium salt (pH 7.5), 1 mM dithiothreitol. MTR reaction mixtures (200 ul final volume)
contained T mM methylene-H,F (100 ul of substrate solution) and 1.8 mM benzyl viologen in 50 mM
HEPES buffer (pH 7.5) with sufficient sodium dithionite added from a standardized stock solution
calibrated to bring about approximately 85% reduction of the benzyl viologen. Reactions at 37°C were
initiated by adding 10 ul of extract to obtain the final volume, and at timed intervals, 10-ul aliquots were
removed, mixed with 230 ul 0.1 M sodium phosphate (pH 6.3), and immediately frozen in liquid N,.

Quantitative HPLC analysis of H, folates was carried out on a C,4 reversed-phase column (Grace
Genesis 4 um AQ, 150 by 4.6 mm, Hichrom Ltd., UK) equilibrated in 2% acetonitrile, 25 mM sodium
phosphate (pH 6.3) (solvent A) at a flow rate of 0.60 ml/min. Gradient elution was performed by
increasing the amount of acetonitrile (solvent B, composed of 40% acetonitrile in H,O). Solvents were
continuously degassed with helium to help maintain anaerobic conditions, and samples were thawed
under N, and immediately withdrawn into an N,-purged gas-tight syringe for injection. Absorbance at
300 nm was followed, and H,F, methylene-H,F, and methyl-H,F were quantified on the basis of their
integrated peak areas using relative absorptivity values determined empirically.

Serine deaminase/dehydratase. Serine deamination catalyzed by the extracts was measured by
quantification of serine and ammonia by amino acid analysis carried out using the precolumn
derivatization method of Cohen (117). Reaction mixtures contained 25 mM serine in 0.1 M MOPS
sodium salt (pH 7.7) and extract protein in a total volume of 80 ul. The reactions were initiated at
37°C by addition of 4 ul of extract, and thereafter, aliquots of 4 ul were removed at timed intervals,
mixed with 156 ul of borate derivatization buffer (117), and frozen in liquid N,. Immediately upon
thawing, samples were brought to room temperature, and 40 ul of a solution containing 3 mg/ml of
6-aminoquinolyl-N-hydroxysuccinimidyl carbamate (AQC; Gold Biotechnology, Inc., St. Louis, MO) in
acetonitrile was added with rapid mixing to generate stable unsymmetrical urea derivatives. The
derivatives were then analyzed by reversed-phase HPLC using a Grace Apex ODS column (250 by
4.6 mm) eluted at 0.65 ml/min using an acetonitrile-25 mM sodium phosphate (pH 6.0) solvent
system with UV detection at 248 nm.

Glycine reductase. The assay for glycine reductase was developed on the basis of previously
described methods (118-120). Reaction mixtures contained 10 mM glycine, 20 mM dithiothreitol (DTT),
4 mM Tris(2-carboxyethyl)phosphine-HCI (TCEP), 0.1 M potassium phosphate (pH 7.5), and the extract
sample to be analyzed in a total volume of 80 ul. In addition, 0.75 mM a-aminoadipic acid was included
as an internal standard (supplied from a fresh stock solution). Reactions at 37°C were initiated by the
addition of 16 ul of extract, and aliquots (4 ul) were removed at timed intervals, mixed with borate
derivatization buffer, frozen, and analyzed for amino acid content exactly as described above for serine
deaminase. The time course of glycine disappearance matched well with that for the production of NH,,
even at relatively low reaction rates. The use of an internal standard was not essential but produced more
precise measurements of glycine consumption, particularly at low rates of glycine conversion. The classic
ferric acetohydroxamate colorimetric method for direct detection of acetyl phosphate (121) in a
scaled-down format was also used to assay glycine reductase but was not applied to all of the extracts
because it required considerably larger amounts of protein due to lower sensitivity and larger reaction
volumes.

Proline reductase. Amino acid analysis by HPLC was used to measure the enzymatic conversion of
p-proline to 5-aminovaleric acid (5AV) under reaction conditions similar to those described previously
(122). The substrates 5mM bp-proline and 20 mM DTT were incubated at 37°C in 0.1 M potassium
phosphate buffer (pH 7.5) in a final volume, including extract sample, of 80 wl. Reactions were initiated
by the addition of 4 ul extract, and aliquots of 4 ul were removed over time, processed, and analyzed by
HPLC exactly as described above for serine deaminase.

Transaminases. Transaminase reactions were carried out at 37°C in 0.1 M MOPS sodium salt (pH 7.7)
in a total volume of 80 ul, including extract. Leucine:a-ketoglutarate aminotransferase reactions con-
tained 5 mM leucine and 20 mM a-ketoglutarate. Glutamate:pyruvate aminotransferase reactions con-
tained 5 mM glutamate and 20 mM pyruvate. Solutions of a-ketoglutaric acid and pyruvic acid were
neutralized by titration with T M NaOH to pH 6.8, adjusted to give 0.1 M stock concentration, and stored
frozen before use in the respective assays. Reactions were initiated by the addition of 4 ul extract, and
aliquots of 4 ul were removed over time, processed, and analyzed for substrate and product amino acids
by HPLC exactly as described above for serine deaminase. Initial rates were obtained from fits of the time
course data as an apparent first-order approach to equilibrium.

Butyryl-CoA:acetate CoA transferase. The acetate-dependent formation of acetyl-CoA from
butyryl-CoA was followed by HPLC analyses of CoA substrate and product derivatives over time.
Butyryl-CoA:acetate CoA transferase reaction mixtures contained 20 mM sodium acetate, 0.5 mM butyryl-
CoA, 50 mM HEPES (pH 7.5), and extract protein in a final volume of 200 ul. Reactions at 37°C were
initiated by the addition of 4 ul of diluted extract (one-third to one-sixth of original concentration in
50 mM HEPES [pH 7.5]). Aliquots of 20 ul were removed over time, mixed with 180 ul of 0.1 M sodium
citrate (pH 4.0), and frozen in liquid N, prior to HPLC analysis using a previously described procedure
(123). Reaction progress curves were linear up to at least 40% conversion of butyryl-CoA.
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Expression of C. difficile AcsB in E. coli, purification, and antibody preparation. The C. difficile
acsB gene sequence was codon optimized for expression in E. coli. The synthetic acsB gene was cloned
as an untagged construct into the Ncol- and BamHI-digested pETDuet-1 plasmid (Novagen) and used for
transformation of E. coli DH5a. Following sequence verification, anaerobic expression was carried out in
E. coli NM522(ADE3). Anaerobic growth of E. coli and induction with isopropyl-B-p-thiogalactopyranoside
(IPTG) was carried out as described previously (124). Soluble cell extracts were prepared, and the protein
was purified under anaerobic conditions by anion-exchange chromatography on Q Sepharose fast flow
(124). Ni reconstitution, which is required to form active acetyl-CoA synthase produced in E. coli, was
modified to limit the amount of excess NiCl, to 2:1 (Ni/protein) and carried out at a lower pH of 7.2.
Although reconstitution of other heterologously expressed AcsB proteins from archaea (Methanosarcina
thermophila) and bacteria (Carboxydothermus hydrogenoformans) was effective at higher ratios of Ni/
protein and higher pH, the activity of the C. difficile protein was suboptimal under those protocols. The
turnover number for C. difficile AcsB in the synthesis of acetyl-CoA from CO, CoA, and methylcobinamide
was 20.6 min~', assayed as described in reference 123, which compares favorably with the other AcsB
proteins studied.

For immunization, the protein was further purified by extraction from SDS slab gel strips. Bands
were revealed as cloudy zones of potassium dodecyl sulfate precipitate by briefly soaking the gel in
buffer containing 0.25 M KCl, and strips were then cut, macerated, and extracted overnight in an
excess volume of 20 mM Tris-HCI (pH 7.8) containing 0.1% SDS and 1 mM DTT. After filtration
through a 0.22-um filter, the filtrate was concentrated by ultrafiltration, diafiltered with 20 mM
Tris-HCI (pH 7.8), and samples of the frozen concentrate were used for production of rabbit antisera
(Covance Immunology Services, Denver, PA). Protein A-based purification of the antisera was used
to produce the final anti-AcsB antibody preparation.

Western blotting. Aliquots (1 ml) taken from growing cultures were centrifuged, and the pellets
were frozen in liquid nitrogen. The pellets were resuspended in 100 ul 1X Tris-glycine SDS sample buffer
(62.5 mM Tris-HCI [pH 6.8], 10% glycerol, 2% [wt/vol] SDS, 0.005% bromophenol blue). After thorough
vortex mixing, the samples were incubated at 95°C for 5 min and centrifuged for 3 min. Samples, 8 to 16 ul,
were run on 12% acrylamide SDS-PAGE (or 8% gels for TcdA) 1-mm-thick gels (125) and transferred to
Immobilon-P polyvinylidene difluoride (PVDF) membranes (Millipore). The membranes were blocked in TBS-T
(20 mM Tris-HCI [pH 7.6], 137 mM NaCl, 0.1% Tween 20) with 1% (wt/vol) nonfat dried milk. After incubation
with the primary antibody (protein A-purified anti-C. difficile AcsB polyclonal rabbit IgG at 1:2,400 or C. difficile
toxin A mouse monoclonal antibody PCG4.1 from Novus Bio at 1:1,000) for 90 min, the membranes were
washed and incubated with secondary antibody (blotting-grade goat anti-rabbit IgG-horseradish peroxidase
conjugate, Bio-Rad, 1:3,000, or goat anti-mouse IgG-horseradish peroxidase conjugate, Bio-Rad, 1:1,000) for
60 min. Blots were developed using Amersham ECL enhanced chemiluminescence reagent (GE Healthcare).
The components were combined according to the manufacturer’s instructions, and 2% H,O, was added to
the final mixture. Images for quantification were obtained with a cooled charge-coupled-device (CCD) camera
using a FluorChem HD2 imaging system (Alpha Innotech/Protein Simple, Inc.). Integrated band intensities
were linear versus camera exposure time but were nonlinear with respect to the amount of AcsB protein
loaded. Therefore, AcsB estimations were made by use of a standard curve.

Fermentation substrate/product quantifications. The amino acid contents in samples from culture
supernatants were determined by reversed-phase HPLC using the precolumn AQC derivatization
method, as described above for the assay for serine deaminase. Organic acids and alcohols were
quantified by GC and HPLC methods. HPLC employed mixed-mode chromatography on a Bio-Rad
fermentation monitoring column (150 mm by 7.6 mm) at 65°C with a mobile phase of 5 mM H,SO, and
flow rate of 0.70 ml/min. An Agilent 1100 series model G1362A instrument was used for refractive index
(RI) detection. In addition to the HPLC analyses, glucose was also determined by spectrophotometric
assays of reduced pyridine nucleotide formation in coupled reaction mixtures containing hexokinase plus
glucose 6-phosphate dehydrogenase (glucose assay reagent, G3293; Sigma). In our experience, with the
culture supernatants analyzed here, the enzymatic method was largely free from interference by other
substances, and values agreed well with the HPLC method. GC analyses were performed on a 30-m
Agilent J&W Ultra Inert DB-624 column with He carrier gas at 1.4 ml/min attached to an Agilent HP 6890
GC system with an HP 5793 mass-selective detector. Samples from culture supernatants were acidified
using HCl, and thereafter, methanol was added to a final concentration of 80% immediately prior to
injection of 1 ul using a 10.8:1 split ratio. Oven temperature was held at 45°C for 2 min and then raised
to 155°C in 10 min. Solvent delay was set to 2.2 min. Formic acid was difficult to quantify by this method,
because the recovery was highly sensitive to the degree of acidification and the peak area was variable.
Therefore, HPLC was used for all formate determinations.

C. difficile 630 AacsB mutant: construction of the codA allele exchange plasmid and allele
exchange cassette. The cytosine deaminase codA gene from E. coli was used as a heterologous
counterselection marker for C. difficile 630, as developed by the laboratory of N. Minton (73). The codA
gene from E. coli was placed under the control of the Clostridium pasteurianum fdx promoter. A 231-bp
fragment was synthetized that contained the C. pasteurianum fdx promoter (126) modified such that after
fusion to the codA gene, the gene possessed a suboptimal spacer (12 nt) between the Shine-Dalgarno
sequence and the GTG start codon and a competing open reading frame (ORF) encoding a 39-amino-acid
peptide with a favorable spacer of 10 nt and an ATG start codon (73). The 5’ end of the construct with
the modified promoter was PCR amplified with primers fdx-codA-BamHI-A-f and fdx-codA-B-r and gel
purified. The 3’ end, i.e, the codA gene, was PCR amplified from E. coli XL1-Blue strain using primers
fdx-codA-C-f and fdx-codA-Ncol-D-r and gel purified. The purified fragments (synthetic fragment and the
codA gene) were then used as the templates for splicing by overhang extension (SOE) PCR (127) using
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the outer primers fdx-codA-BamHI-A-f and fdx-codA-Ncol-D-r. The PCR fdx-codA fragment was cloned
into the pCR-Blunt II-TOPO vector and sequenced. Thereafter, the fdx-codA fragment was excised with
BamHI and Ncol and ligated into BamHI/Ncol-digested pMTL83151 (128) (a generous gift from the
laboratory of N. Minton) to produce pMTL83151::codA.

For in-frame deletion of the C. difficile acsB gene via homologous recombination, an acsB allele

exchange cassette was constructed comprising upstream and downstream regions flanking the acsB
gene, whose coding sequence carried a deletion between nucleotides 61 to 2049. For the allele exchange
cassette, the 5’ PCR fragment was amplified with primers acsE-Pmel-A-f and acsB-5-pdel-B-r and the 3’
PCR fragment with acsB-3 pdel-C-f and gcvH-Pmel-D-r. Both fragments were gel purified and used in the
SOE PCR with the flanking primers acsE-Pmel-A-f and gcvH-Pmel-D-r. The allele exchange construct was
cloned into the Pmel site of pMTL83151::codA giving rise to pSG1217.

The plasmid pSG1217 was transferred via conjugation from the S17-1 E. coli donor strain

SG-Ec2270 to C. difficile 630 (129, 130), spotting the mixed cell suspension onto BHIS agar. After
overnight incubation, the growth was harvested and spread onto BHIS agar plates supplemented
with 250 wg/ml p-cycloserine, 8 wg/ml cefoxitin, and 15 wg/ml thiamphenicol. Transconjugants were
restreaked onto the same medium to select for single-crossover integrants, which were verified by
PCR using primer pairs acsB-AE-1f and PL-AE-Pmel-r and PL-AE-Pmel-f and acsB-AE-1r. The single-
crossover clones were subcultured without selection on BHIS to allow sufficient time for the rare
second recombination event to occur. After harvesting the growth and dilution of the cell suspen-
sion, the cells were plated onto CDMM plates (110) supplemented with 50 wg/ml 5-fluorocytosine to
select for fluorocytosine-resistant (FC") colonies. The FC' colonies were then patch plated onto BHIS
and BHIS plus thiamphenicol to screen for the loss of plasmid (FCr Tms clones). The length of
fragments obtained with acsB-AE-1f and acsB-AE-1r primers was used to identify double-crossover
recombinants, versus WT revertants, which were then sequenced to verify the accuracy of the
in-frame deletion. A listing of the strains and plasmids is given in Table S3 in the supplemental
material, and oligonucleotide primer sequences are listed in Table S4.

Complementation plasmid. To confirm that the phenotypic changes observed in the mutant were

directly attributable to the deletion of acsB, complementation experiments were performed. Two PCR
fragments were amplified. The first encompassed the WLP promoter region upstream of the acsA gene
and was amplified using primers pro-BamHI-A-f and pro-acsB-B-r. The second included the acsB gene
amplified using primers pro-acsB-C-f and acsB-Aatll-D-r. SOE PCR using the outer primer pair produced
a fragment that was cloned into the pMTL84151 (128) vector between the BamHI and Aatll sites to give
plasmid pMTL84151::acsB containing the native promoter region of the WLP operon upstream of the
acsB gene. The complementation plasmid was transferred via conjugation from the E. coli donor
SG-Ec2280 into the C. difficile 630 AacsB mutant strain.

SUPPLEMENTAL MATERIAL
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