
Thiaminase I Provides a Growth Advantage by Salvaging
Precursors from Environmental Thiamine and Its Analogs in
Burkholderia thailandensis

David R. Sannino,a Clifford E. Kraft,b Katie A. Edwards,a Esther R. Angerta

aDepartment of Microbiology, Cornell University, Ithaca, New York, USA
bDepartment of Natural Resources, Cornell University, Ithaca, New York, USA

ABSTRACT Thiamine is essential to life, as it serves as a cofactor for enzymes involved
in critical carbon transformations. Many bacteria can synthesize thiamine, while thiamine
auxotrophs must obtain it or its precursors from the environment. Thiaminases degrade
thiamine by catalyzing the base-exchange substitution of thiazole with a nucleophile,
and thiaminase I specifically has been implicated in thiamine deficiency syndromes in
animals. The biological role of this secreted enzyme has been a long-standing mystery.
We used the thiaminase I-producing soil bacterium Burkholderia thailandensis as a model
to ascertain its function. First, we generated thiamine auxotrophs, which are still able to
use exogenous precursors (thiazole and hydroxymethyl pyrimidine), to synthesize thia-
mine. We found that thiaminase I extended the survival of these strains, when grown in
defined media where thiamine was serially diluted out, compared to isogenic strains
that could not produce thiaminase I. Thiamine auxotrophs grew better on thiamine pre-
cursors than thiamine itself, suggesting thiaminase I functions to convert thiamine to
useful precursors. Furthermore, our findings demonstrate that thiaminase I cleaves phos-
phorylated thiamine and toxic analogs, which releases precursors that can then be used
for thiamine synthesis. This study establishes a biological role for this perplexing enzyme
and provides additional insight into the complicated nature of thiamine metabolism and
how individual bacteria may manipulate the availability of a vital nutrient in the environ-
ment.

IMPORTANCE The function of thiaminase I has remained a long-standing, unsolved
mystery. The enzyme is only known to be produced by a small subset of microorgan-
isms, although thiaminase I activity has been associated with numerous plants and ani-
mals, and is implicated in thiamine deficiencies brought on by consumption of organ-
isms containing this enzyme. Genomic and biochemical analyses have shed light on
potential roles for the enzyme. Using the genetically amenable thiaminase I-producing
soil bacterium Burkholderia thailandensis, we were able to demonstrate that thiaminase I
helps salvage precursors from thiamine derivatives in the environment and degrades thi-
amine to its precursors, which are preferentially used by B. thailandensis auxotrophs. Our
study establishes a biological role for this perplexing enzyme and provides insight into
the complicated nature of thiamine metabolism. It also establishes B. thailandensis as a
robust model system for studying thiamine metabolism.

KEYWORDS Burkholderia thailandensis, HMP, thiC, thiG, thiaminase I, thiamine,
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Thiamine (vitamin B1) is an essential vitamin necessary for nearly all cellular life (1).
Its diphosphorylated form, thiamine pyrophosphate (TPP), serves as a cofactor for

enzymes that perform critical carbon transformations necessary for energy metabolism
and the biosynthesis of precursors for cellular macromolecules (2). Thiamine is com-
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posed of pyrimidine and thiazole (THZ) moieties that are synthesized separately and
then combined (3) (Fig. 1A). Generally, the pyrimidine moiety is derived from the purine
intermediate 5-aminoimidazole ribotide, which is converted to hydroxymethyl pyrim-
idine phosphate (HMP-P) by the HMP synthase, ThiC. HMP-P is then phosphorylated to
HMP-PP by the kinase ThiD. The THZ moiety is synthesized from glycolysis products, the
sulfur carrier protein ThiS, and glycine or tyrosine in a multistep process where thiazole
synthase (ThiG) ultimately forms THZ-P carboxylate. Thiamine phosphate synthase
(ThiE) combines THZ-P and HMP-PP to form thiamine monophosphate (TMP), and
typically ThiL phosphorylates TMP to produce the active cofactor TPP.

Although the ability to synthesize thiamine is widespread in bacteria, many species
are thiamine auxotrophs. Listeria monocytogenes abrogates the need to synthesize
thiamine through uptake via the transporter ThiT (4). Members of the Enterobacteria-
ceae use the ThiBPQ system, which not only imports thiamine but also its phosphor-
ylated forms (5). Imported thiamine can be diphosphorylated to TPP via thiamine
pyrophosphokinase or stepwise as described above (6). Some bacteria take up thiamine
precursors for growth (7, 8). Described HMP transporters include the YkoCDEF system
(9, 10), CytX (11, 12), and HmpT (9). The import of THZ is less well defined in bacteria,
but a THZ-specific transporter, ThiW, has been described (9, 12).

Bacteria also produce thiaminases, enzymes that degrade thiamine to its constitu-
ents by catalyzing the base exchange of thiazole with a nucleophile (Fig. 1B). Thiami-
nases are categorized as thiaminase II and thiaminase I. Although they perform a similar
biochemical reaction, the two groups of proteins lack sequence similarity. Thiaminase
II (known as TenA) uses water as a nucleophile, and this enzyme is widely distributed
in bacteria and archaea (13, 14), with homologs also found in fungi (15) and plants (16).
These intracellular enzymes recycle base-degraded thiamine, which comprises an intact
HMP conjugated to a formylamino group. In Bacillus halodurans, base-degraded thia-
mine is imported and then deformylated to aminopyrimidine (17). TenA catalyzes the
substitution of the amino group from aminopyrimidine with a hydroxyl from water,
effectively restoring HMP, which can be subsequently recycled and used in thiamine
synthesis.

Thiaminase I enzymes are less widely distributed, occurring in a number of phylo-
genetically unrelated bacteria, including some human pathogens and their close
relatives (2). It has also been described in the amoeba Naegleria gruberi, where it is
fused to transketolase (18). The bacterial enzymes are secreted through the general
secretory pathway (19) and use a variety of organic nucleophiles, but not water, for
the base-exchange reaction (20–22). Further, the enzyme has been shown to
perform the base-exchange reaction on certain thiamine analogs with intact HMP
moieties (23). The crystal structures of thiaminase I from both Paenibacillus thiamino-

FIG 1 Predicted thiamine biosynthesis in B. thailandensis and thiaminase I mode of action. (A) Schematic overview of the predicted thiamine biosynthesis
pathway in B. thailandensis based on its genomic content. Enzymes in green text synthesize the thiazole moiety, while those in blue text synthesize the
pyrimidine moiety. Those in red combine the moieties to form the active cofactor. DXP, 1-deoxy-D-xylulose 5-phosphate; G3P is glyceraldehyde 3-phosphate.
The other compounds are defined in the introduction. (B) Schematic of the mode of action of thiaminase I. “X” represents a variety of organic nucleophiles that
covalently attached to the HMP moiety, substituting for the THZ moiety.
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lyticus (24) and Clostridium botulinum C143S (25) have been solved, revealing the active
site and the likely mechanism by which the base-exchange reaction is catalyzed.
Structural analysis further reveals that thiaminase I shares a common ancestor with
TbpA (ThiB), the thiamine binding protein used for thiamine transport in Escherichia coli
and other Enterobacteriaceae (26). Counterintuitively, and for unknown reasons, thiam-
inase I activity in culture is repressed by high levels of thiamine (27, 28). An analysis of
the thiaminase I gene of C. botulinum A ATCC 19397 revealed that it is located in an
operon with the biosynthesis genes for the HMP analog bacimethrin, which when
combined with THZ, forms the antivitamin 2=-methoxythiamine (29). Despite being
located in this operon, the role of thiaminase I, if any, in the synthesis of bacimethrin
is unknown (29). In Paenibacillus species, thiaminase I is found in a conserved operon,
including thiamine salvage and synthesis genes thiM, thiD, and thiE and possibly genes
for bacimethrin synthesis (30). Despite these biochemical, mechanistic, and genomic
analyses, the biological function of thiaminase I remains a great mystery in our
understanding of thiamine metabolism.

Thiaminase I has been linked to thiamine deficiencies and death in animals. Despite
only being known to be produced by microorganisms, thiaminase I activity has been
found in plant and animal tissues (20, 31), though it is unclear whether these enzymes
are produced endogenously or by host microbiota (32). Thiaminase I induced deficien-
cies affect economically important domesticated animals (33–37), as well as wild
populations of a variety of species (2). Thiamine deficiency can also arise in humans that
consume raw diets high in thiaminase I activity (2). The first characterized thiaminase
I-producing bacteria were isolated from the feces of a thiamine deficient patient (20).
It is increasingly apparent that thiamine and its precursors serve as drivers of ecological
interactions between microorganisms (2, 8, 38); however, the role of thiaminase I in this
complex interplay is not yet understood.

Due to its occurrence with genes involved in thiamine salvage and biosynthesis in
some genomes, it has been hypothesized that thiaminase I plays a role in thiamine
salvage (26, 39), although this hypothesis has not been tested. Here we use B.
thailandensis, a thiaminase I-producing soil bacterium first isolated from a rice field in
Thailand, to explore the contribution of thiaminase I activity to thiamine metabolism.
Since B. thailandensis is capable of synthesizing thiamine, we generated thiamine
auxotrophic mutants incapable of synthesizing either HMP or THZ and examined the
impact of thiaminase I production on growth in defined media. We found that
thiaminase I, either produced by the cell or added to the medium, provided a growth
advantage to thiamine auxotrophs. Furthermore, we found that thiamine auxotrophs
grew better on exogenous HMP and THZ than when they were provided thiamine at an
equimolar concentration. Thiaminase I also allowed for growth of thiamine auxotrophs
on the phosphorylated forms of thiamine and allowed growth on certain thiamine
analogs, suggesting a role not only in the salvage of thiamine precursors but also in
detoxifying and recycling components of thiamine analogs. This study ascribes a
biological function to the elusive enzyme. We propose to name the thiaminase I gene
locus (BTH_II1306) thiA due to its current inconsistent nomenclature and its apparent
role in thiamine salvage.

RESULTS
Thiaminase I confers a growth advantage to thiamine auxotrophs. To test if

thiaminase I plays a role in thiamine salvage or biosynthesis, we generated thiamine
auxotroph mutants in the wild-type strain B. thailandensis E264 and in BT10432, an
isogenic strain with a transposon inserted into thiA (see Fig. S1 in the supplemental
material for the genomic context of disrupted genes). Both strains are capable of
synthesizing thiamine. When assayed for ThiA activity under growth conditions that
normally produce substantial thiaminase I activity in strain E264, no thiaminase
activity was detected in BT10432 (not shown). The eight strains—E264, E264-thiC,
E264-thiG, E264-thiCthiG, BT10432, BT10432-thiC, BT10432-thiG, and BT10432-
thiCthiG—were serially transferred every 24 h, first from tryptic soy broth (TSB) to
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defined medium (DM4) containing 1 mM thiamine and then to thiamine-free DM4
until they would no longer grow. The optical density at 600 nm (OD600) values of
cultures at 24 h were compared via an analysis of variance (ANOVA; the experi-
mental design depicted in Fig. 2).

We observed a decline in bacterial growth with serial transfers to a progressively
diminished thiamine medium and noted that viability at each transfer was depen-
dent on the presence of intact thiA and different subsets of thiamine biosynthesis
genes. After the first transfer into thiamine-free DM4, a growth defect was observed
in the BT10432-thiC and BT10432-thiCthiG mutants, since both strains had a signif-
icantly lower OD600 at 24 h (Fig. 3A). This suggests that a defect in thiazole
synthesis, via ThiG, was tolerated better than a defect in the ability to make HMP.

In the next transfer, none of the BT10432 thiamine auxotrophs were able to grow
whereas all the E264 thiamine auxotrophs were able to grow (Fig. 3B). The E264-thiC
and E264-thiCthiG strains took longer to reach an OD600 of 1.0 in this transfer compared
to the other growing strains. This demonstrated that ThiA provided the E264 strains
with a growth advantage compared to isogenic auxotrophs without an intact thiA gene.
Consistent with observations in the BT10432 background, in the next serial transfer, the
E264-thiC and E264-thiCthiG mutants were unable to grow, while the E264-thiG mutant
was able to grow (see Fig. S2A in the supplemental material), and eventually did not
grow in the next serial transfer (see Fig. S2B in the supplemental material). To ensure
that thiaminase I was produced by the E264 thiamine auxotrophs during the transfers,
supernatant was assayed for thiaminase I activity (see Fig. S3 in the supplemental
material). All four strains in the E264 background produced thiaminase I in DM4, while
the BT10432 control did not. Peak thiaminase I activity was detected at 18 h in transfer
1 in DM4, while peak activity was detected at 12 h in transfers 2 and 3 (see Fig. S3 in
the supplemental material). Taken together, these results demonstrate that thiaminase
I provided thiamine auxotrophic B. thailandensis strains a growth advantage, and these
mutants were more sensitive to the loss of the ability to synthesize HMP than to the loss
of the THZ synthesis pathway.

Thiaminase I is the rescuing factor allowing for growth. Our first set of experi-
ments indicated that ThiA was somehow allowing for growth of thiamine auxotrophs
in DM4. To further explore this possibility, we purified ThiACb (BcmE), the thiaminase I

FIG 2 Experimental overview of the serial transfer experiments. All strains were first grown in TSB; then, after 24
h, they were transferred to DM4 with 1 mM thiamine. Cultures were then serially transferred to fresh DM4 every
24 h. In the illustration, the shading of the liquid medium in tubes indicates growth, while the clear tube indicates
no growth. At each transfer, cultures were inoculated to a starting OD600 of 0.025. Supernatants were taken from
the tubes for the rescue experiments, as indicated by the red arrow, during the final transfer in which growth was
observed. The addition of rescuing factors (thiaminase I, thiamine or its precursors or analog) is indicated with a
green arrow. Growths of strains were compared using ANOVAs on the OD600 at 24 h.

Sannino et al. Applied and Environmental Microbiology

September 2018 Volume 84 Issue 18 e01268-18 aem.asm.org 4

 on January 6, 2019 by guest
http://aem

.asm
.org/

D
ow

nloaded from
 

http://aem.asm.org
http://aem.asm.org/


from C. botulinum (25) and added it to DM4 at the terminal transfer step of the serial
transfers for all auxotrophic strains. ThiACb rescued growth for all of the BT10432 strains
(Fig. 4A). This suggests that ThiACb quenched the specific auxotrophies by generating
the required thiamine precursors. When ThiACb was added to the E264 auxotrophs, it
did not rescue growth in the thiC or the thiC thiG mutant cultures (Fig. 4B). Although
there was some growth of E264-thiG, this was not at the same level as the BT10432
strains supplied with ThiACb (Fig. 4A). This lack of growth in the E264 strains is likely due
to the presence of ThiA already acting on and transforming the media in the previous
transfers, leaving little substrate for ThiACb to act on.

We examined whether the growth of the BT10432-thiC auxotroph could be rescued
with the addition of conditioned media containing B. thailandensis ThiA. To do this, we

FIG 3 Survival of B. thailandensis strains in thiamine-free DM4. These data illustrate the decline of thiamine
auxotrophs that cannot make thiaminase I. (A) Indicates the growth of the eight strains in the first transfer into
thiamine-free DM4. Strains incapable of making ThiA and defective in synthesizing HMP or HMP and THZ were the
first to show a significant reduction in growth (P � 0.0001). (B) After the second transfer to thiamine-free medium,
the strain defective in both ThiA and THZ production dropped out. The growth curves are displayed as the average
of six replicate cultures with standard error bars at each time point. In the key, strains with the same superscript
designations indicate no significant difference (for example, AB is not significantly different from A or B). For all of
the pairwise comparisons described here, P � 0.0001.

FIG 4 Thiaminase I rescues of thiamine auxotrophs. (A) ThiACb rescued the growth of the BT10432 thiamine
auxotrophs. (B) ThiACb addition did not substantially improve the growth of the E264 thiamine auxotrophs. The
growth curves displayed are the average of three replicate cultures with standard error bars at each time point. In
each case, growth (OD600) at 24 h was compared and significant differences are designated by different super-
scripts next to the names in the key (P � 0.0001 for all pairwise comparisons in these experiments).
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collected supernatant from BT10432-thiC and E264-thiC cultures at the penultimate
transfer before each strain could no longer grow (see Fig. 2 for the experimental setup).
The supernatant was filter sterilized and combined with fresh thiamine-free DM4 in a
1:1 mixture. We used this as the medium for the terminal transfer of BT10432-thiC and
for transfer 2 into DM4 of E264-thiC. In both cases, the uninoculated 1:1 mixture
exhibited no growth (data not shown). The addition of BT10432-thiC conditioned
medium did not rescue growth of BT10432-thiC. When added to E264-thiC, this culture
had a significantly higher OD600 at 24 h (see Fig. S4 in the supplemental material). This
could possibly be a consequence of the cultures having a higher thiamine content due
to their reduced growth during this transfer (Fig. 3A). The lack of growth of the
BT10432-thiC strain indicated that cell lysis, which would release thiamine or thiamine
precursors into the culture supernatant during growth, was not enough to support
growth of the auxotrophs. When BT10432-thiC was grown in the E264-thiC conditioned
medium mixture, growth was rescued, though the OD600 was significantly lower than
for the E264-thiC strains (see Fig. S4 in the supplemental material). This finding
indicated that the presence of ThiA, or its transformation of the medium components,
was sufficient to rescue the growth of the BT10432-thiC auxotroph.

Thiamine auxotrophs lacking thiaminase I preferentially grow on thiamine
precursors. Our findings indicated that thiaminase I rescued growth by providing the
auxotrophs with the necessary precursors to synthesize thiamine. We set out to confirm
this by adding back the thiamine or its precursors to each auxotroph culture. Strikingly,
the BT10432-thiC (Fig. 5A) and BT10432-thiCthiG (Fig. 5C) cultures reached significantly
higher OD600 at 24 h when precursors were added to the media rather than when an
equimolar amount of thiamine was added. In both cases, a longer delay in growth was
observed when thiamine was added, indicating preferential use of precursors over
intact thiamine. E264-thiC (Fig. 5B) reached a significantly higher OD600 at 24 h when
growing on HMP compared to growth on thiamine. The E264-thiC strain provided with
thiamine displayed a similar growth curve when HMP was provided, and the OD600 at
24 h was much higher in comparison to its BT10432-thiC counterpart, indicating that
the conversion of thiamine to HMP was responsible for this. The preferential use of
precursors was more pronounced in the BT10432-thiCthiG mutant (Fig. 5C). No statis-
tically significant difference was found between growth of the E264-thiCthiG mutant on
thiamine or both precursors after 24 h (Fig. 5D). The similar growth when precursors
were added indicated that B. thailandensis preferentially uses the substrates of thiamine
to grow, rather than thiamine itself, and ThiA provides this by degrading thiamine. The
BT10432-thiG and E264-thiG mutant did not exhibit any significant difference when
grown on thiamine or THZ (see Fig. S5 in the supplemental material). Although
inconsistent with the HMP and HMP�THZ mutant rescues, it is consistent with our
previous findings that the thiG mutants showed a weaker growth defect. Further, a
thiochrome assay for thiamine was performed to ensure that the thiamine was not
simply degrading in the culture medium and thus making precursors available.
Throughout a 24-h incubation period, thiamine concentrations in sterile media re-
mained at 200 nM, the initial thiamine concentration of the media.

Phosphorylated thiamine compounds support growth only when thiaminase I
is present. In bacteria, compounds that need to be phosphorylated for activation are
typically imported in their unphosphorylated form and then phosphorylated in the
cytoplasm (26). However, in thiamine transport, TbpA and ThiT can bind phosphor-
ylated forms of thiamine (26). It has also been observed that thiaminase I from P.
thiaminolyticus is as active against the phosphorylated forms of thiamine as it is
upon thiamine (21, 40). Based on these observations, we hypothesized that thiam-
inase I may function to free unphosphorylated HMP from phosphorylated forms of
thiamine so the bacteria can more readily take up and use the precursor. Support-
ing our hypothesis, there was no substantial growth when either TMP or TPP was
added to the BT10432-thiC or BT10432-thiCthiG mutants (Fig. 6A). However, either
compound added at the terminal transfer supported the growth of both E264-thiC
and E264-thiCthiG (Fig. 6B). There was no difference between growth on either
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compound or between the different thiamine auxotrophs. This suggests that B.
thailandensis can use ThiA to free HMP from phosphorylated thiamine and has
mechanisms available to use the various phosphorylated THZ products produced by
ThiA. Consistent with other findings throughout this study, the BT10432-thiG
mutant did not behave like the other BT10432 mutants, since it was able to grow
slowly with TMP but did not grow substantially with TPP (see Fig. S6A in the
supplemental material). In contrast, the E264-thiG cells were able to recycle the
THZ-P (from TMP) and THZ-PP (from TPP) equally well (see Fig. S6B in the supple-

FIG 5 Growth of B. thailandensis strains on thiamine and its precursors. In the absence of thiaminase I, thiamine auxotrophs grew better on thiamine precursors
than thiamine. (A) The growth curve showing BT10432-thiC reached a significantly higher OD600 at 24 h (P � 0.0001) with HMP in contrast to thiamine. (B)
E264-thiC reached a significantly higher OD600 (P � 0.0001) at 24 h when rescued with HMP in contrast to thiamine. (C) BT10432-thiCthiG reached a significantly
higher OD600 (P � 0.0001) when rescued with HMP�THZ in contrast to thiamine. (D) No significant difference was observed between growth on thiamine and
HMP�THZ for E264-thiCthiG at 24 h. The growth curves displayed are the average of six replicate cultures for precursors and nine for thiamine additions, with
standard error bars at each time point. In each case, growth at 24 h was compared, and the significant differences are designated by different superscripts next
to the names in the key.
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mental material), further supporting the notion that B. thailandensis can use
phosphorylated THZ.

Thiaminase I facilitates growth of auxotrophs provided with certain thiamine
analogs. Previous work has shown that P. thiaminolyticus thiaminase I is active on
thiamine analogs such as pyrithiamine, an antagonist to TPP-dependent enzymes and
transporters (21, 23, 41). This led us to hypothesize that ThiA may function to release
portions of thiamine analogs for salvage and thiamine synthesis. To test this, we added
diverse thiamine analogs (Table 1) to DM4 at the terminal transfer step. These include
compounds such as pyrithiamine and oxythiamine, which contain an intact HMP or
THZ, respectively, as well as thiamine disulfide and dibenzoyl thiamine, which have an
intact HMP with a bulky side chain that contains a ring-open form of THZ. We found
that when pyrithiamine was added to the medium, E264-thiC reached a significantly
higher OD600 at 24 h than the BT10432-thiC (Fig. 7A; see also Fig. S7A in the supple-
mental material); however, by 48 h, the BT10432 thiC mutant exceeded the growth of
E264-thiC. This suggests that early in the growth of E264-thiC, ThiA was able to free
HMP from pyrithiamine, giving the culture an initial boost, which did not occur in the
BT10432-thiC culture. The samples were subcultured into fresh media either supple-
mented with pyrithiamine or without it (see Fig. S7A and B in the supplemental
material) to determine whether there was an adapted ability to use it in the BT10432-
thiC strain. When pyrithiamine was present, the initial OD600 of BT10432-thiC at 18 h
was a bit higher than in the previous transfer, but it was not at the level of the E264-thiC
strain, suggesting a lack of adaptation to pyrithiamine. When no pyrithiamine was
present, the BT10432-thiC subculture did not grow, while the E264-thiC subculture did
grow. From this we conclude that there was HMP contamination in the pyrithiamine. It
allowed for initial growth of BT10432-thiC, but once the cells consumed the HMP, very
little remained for transfer over in the next serial transfer, and additional growth was
not supported. In contrast, the E264-thiC strain grew on the contaminating HMP but
also converted the pyrithiamine to HMP, allowing it to grow in the subsequent serial
transfer.

In addition, the BT10432-thiC mutants were unable to grow substantially using
thiamine disulfide and dibenzoyl thiamine; however, after 24 h the E264-thiC mutants
were able to grow on both analogs (Fig. 7A; see also Fig. S7C and D in the supplemental
material). This suggested that ThiA might be able to degrade thiamine disulfide and

FIG 6 Growth of B. thailandensis strains on TMP and TPP. Thiamine auxotrophs can grow when medium is
supplemented with phosphorylated forms of thiamine, but only when the strains produce ThiA. (A) No substantial
growth was observed for BT10432-thiC and BT10432-thiCthiG on TMP and TPP. (B) Substantial growth was observed
for E264-thiC and E264-thiCthiG on TMP and TPP. When TMP was present E264-thiC had a significantly higher OD600

at 24 h than when TPP was added (P � 0.0044). The growth curves displayed are the averages of six replicate
cultures, with standard error bars at each time point. In each case, growth at 24 h was compared, and significant
differences are designated by different superscripts next to the names in the key.
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dibenzoyl thiamine, releasing HMP, which can then be used by the cell. This is in
contrast to previous reports that described thiamine disulfide as recalcitrant to thiam-
inase I (41) and our own observations that thiamine disulfide cannot substitute for
thiamine in our thiaminase colorimetric assay (42). It could be that the reaction rate is
very slow and resulted in no detected turnover after an hour of incubation. A more
likely interpretation is that thiamine disulfide was abiotically converted to thiamine (43)
and then ThiA acted on the thiamine, causing a prolonged time for the culture to reach
a high OD600. For dibenzoyl thiamine, the sulfur was also likely reduced abiotically in
these cultures, leaving thiamine with a bulky benzoyl group still attached. Despite this,
thiaminase I appears to be acting on the dibenzoyl thiamine derivative, as E264-thiC
showed considerable growth (Fig. 7A). Serial transfers from media containing these
derivatives with bulky side groups into fresh media containing them again, showed that
E264-thiC grew better on both compounds in the second transfer (see Fig. S7D in the
supplemental material). When E264-thiC was transferred to fresh media lacking the
substrates, only the subculture from thiamine disulfide grew, while the dibenzoyl
thiamine subculture did not. This suggests that ThiA acted upon thiamine disulfide

TABLE 1 Thiamine analog structures

Role for Thiaminase I in Thiamine Salvage Applied and Environmental Microbiology

September 2018 Volume 84 Issue 18 e01268-18 aem.asm.org 9

 on January 6, 2019 by guest
http://aem

.asm
.org/

D
ow

nloaded from
 

http://aem.asm.org
http://aem.asm.org/


FIG 7 Growth of B. thailandensis strains on thiamine analogs. Thiaminase I enhances the ability of thiamine auxotrophs to grow on some thiamine analogs. (A)
In this comparison of growth on thiamine analogs in the thiC mutant background, E264-thiC was able to grow when pyrithiamine, thiamine disulfide, and
dibenzoyl thiamine was added. Eventually, the BT10432-thiC mutant grew on pyrithiamine. The E264-thiC OD600s at 24 h were significantly higher than for all
other cultures (P � 0.0001 for all pairwise comparisons), whereas BT10432-thiC reached the second highest OD600 when grown on pyrithiamine (P � 0.0001
for all pairwise comparisons), which eventually reached the highest OD600 by 48 h. E264-thiC growth on thiamine disulfide was significantly higher than all
others (P � 0.001 for all pairwise comparisons). Despite not being significantly higher than the negative controls at 24 h, E264-thiC grew on dibenzoyl thiamine,
while its BT10432 (thiA mutant) counterpart did not. The growth curves displayed are the averages of three replicate cultures, with standard error bars at each
time point. In each case, growth at 24 h was compared, and significant differences are designated by different superscripts next to the names in the figure key.
(B) Comparison of the growth of thiC thiG mutant strains on thiamine analogs. No growth was observed in either background when just pyrithiamine or
oxythiamine was added; however, substantial growth occurred in the E264 background when both oxythiamine and pyrithiamine were supplied (P � 0.0001
for all pairwise comparisons). Slight growth occurred when both compounds were provided in the BT10432 thiaminase mutant background. (C) Comparison
of the growth of the thiC thiG mutants in media supplemented with thiamine disulfide or dibenzoyl thiamine from fresh and older stocks. The older dibenzoyl
thiamine supplemented medium resulted in E264-thiCthiG having a significantly higher OD600 at 24 h. E264-thiCthiG grown on the older thiamine disulfide stock
had the second highest OD600 at 24 h. This demonstrated that older stocks were abiotically converting to thiamine, providing a growth advantage (P � 0.0001
for all pairwise comparisons).
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more than dibenzoyl thiamine and that enough HMP was transferred over to support
growth.

When examining the growth of the thiG mutants, we observed similar patterns to
our previous experiments (see Fig. S8 in the supplemental material). In both the E264
and the BT10432 backgrounds, no significant difference in growth was observed when
oxythiamine was added. This suggests that B. thailandensis has another mechanism for
detoxifying this compound and restoring the THZ. Our thiaminase I assay detected no
activity when oxythiamine was used as a substrate instead of thiamine, suggesting ThiA
is not acting on it. No activity on oxythiamine was observed with P. thiaminolyticus
thiaminase I as well (23). However, ThiA provided a growth benefit to the thiG mutants
when thiamine disulfide or dibenzoyl thiamine was added, as the cultures reached a
significantly higher OD600 at 24 h compared to the BT10432-thiG mutants (see Fig. S7
in the supplemental material).

Next, we added pyrithiamine and/or oxythiamine to DM4 at the terminal transfer in
the BT10432 and E264 double mutants (Fig. 7B). Although little growth was observed
at 24 h, the E264-thiCthiG mutant had significantly more growth when pyrithiamine and
oxythiamine were both added. By 30 h, the OD600 nearly doubled, and the culture
reached a high density by 48 h. In the BT10432 background, the OD600 only reached
�0.5 at 48 h. This further demonstrated that ThiA was freeing HMP from pyrithiamine,
while the THZ from oxythiamine was acquired through another mechanism. The
observation of some growth of the BT10432-thiCthiG mutant supports our assertion
that pyrithiamine was contaminated with HMP. To test if abiotic degradation of
thiamine disulfide and dibenzoyl thiamine was occurring in the stock solutions, we
rescued the thiC thiG mutants with both freshly made and older stocks of both
compounds (Fig. 7C). BT10432-thiCthiG did not grow well when either older or fresh
analogs were present, though there was slight growth in the cells rescued with the
older dibenzoyl thiamine (Fig. 7C). The E264-thiCthiG strain was able to grow when
either the fresh or older stocks of both compounds were used for supplementation.
They reached a significantly higher OD600 at 24 h when supplemented with the older
stocks (Fig. 7C). This suggests that abiotic conversion to thiamine was occurring in the
stock solutions. Fig. S9 in the supplemental material summarizes the rescue data.

DISCUSSION

In this study, we used the genetic model Burkholderia thailandensis to demonstrate
that the enigmatic enzyme thiaminase I plays a role in thiamine salvage. We found that
thiamine auxotrophs with ThiA were able to survive more serial dilutions in defined
thiamine-free medium than the same auxotrophs lacking thiaminase I. This survival
advantage is likely due to the ability of ThiA to degrade thiamine to its precursors,
which are preferentially used over intact thiamine by B. thailandensis thiamine auxo-
trophs. Further, thiaminase I allows B. thailandensis to salvage phosphorylated forms of
thiamine, as well as some thiamine analogs. Our proposed model for the role of
thiaminase I in thiamine salvage is shown in Fig. 8, although some details still need to
be resolved. First, it is unclear whether the HMP with a covalently attached nucleophile,
HMP-R, can be incorporated directly into to the thiamine biosynthesis pathway or if the
R group needs to first be removed. If it is processed, it is unknown if this occurs
extracellularly or intracellularly, and if it is imported, whether CytX or another trans-
porter is responsible. In the case of THZ, it is unknown how THZ and its phosphorylated
forms enter and are used by B. thailandensis, since no thiW homolog has been
identified, but it is possible some THZ may enter through diffusion. Our experiments
with thiamine analogs showed that the intact moieties could be recycled, while
damaged or defective moieties could be avoided. In the case of the thiamine disulfide
and dibenzoyl thiamine analogs, our results suggest that these compounds are abioti-
cally converting to thiamine, or thiamine with a benzoyl group, and then acted upon
by ThiA.

One confounding finding in our results was the growth of BT10432-thiC on pyri-
thiamine. Growth on this compound suggests multiple possibilities. (i) B. thailandensis
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is able to use pyrithiamine as a cofactor, which is highly unlikely since the thiC thiG
mutants were not rescued by pyrithiamine addition. (ii) Pyrithiamine was slowly
degraded abiotically in the medium, freeing HMP for import and salvage. This seems
unlikely because serial transfers from medium containing pyrithiamine to pyrithiamine-
free medium did not support BT10432-thiC growth. If pyrithiamine abiotically degraded,
we would expect some HMP to be transferred over to allow for growth (see Fig. S7B in the
supplemental material). In contrast, sufficient HMP to support growth was transferred only
when thiaminase I was present, thus in E264-thiC cultures. Further, the use of fresh
pyrithiamine stocks as opposed to older solutions did not diminish BT10432-thiC growth
(compare the growth from Fig. 7A with that in Fig. S7A in the supplemental material). (iii)
Pyrithiamine was contaminated with HMP. Based on the observation of Carini et al. (8) that
thiamine and 4-amino-5-aminomethyl-2-methylpyrimidine stocks contained HMP, we
consider that similar contamination in pyrithiamine is a likely explanation. ThiA still
provided an initial advantage by acting on this compound, but a small amount of HMP
in the pyrithiamine stocks may have been sufficient to eventually promote the growth
of the BT10432-thiC mutant. Wild-type B. thailandensis E264 is a very capable thiamine
producer and does not appear to encode any known thiamine transporter; therefore, it
is unclear how thiamine could enter the cell. When exogenous ThiA is present, it can
convert thiamine to an accessible form, rescuing growth. This may account for why
added ThiACb rescues growth. At the terminal transfer, there is still likely some thiamine
present that either cannot be accessed by the BT10432 mutants or is used slowly. The
growth exhibited by the BT10432 strains when rescued with thiamine (Fig. 5) might
also be due to precursor contamination.

The biological significance of the preference of B. thailandensis thiamine auxotrophs

FIG 8 Thiamine metabolism in B. thailandensis E264. The illustration depicts thiamine metabolism in E264. Thiazole synthetic pathways are highlighted in green.
Synthesis of the pyrimidine moiety and the CytX transporter for HMP uptake are represented in blue. The proteins that combine the moieties to make TMP
and TPP are depicted in red. Extracellular thiaminase I, ThiA, is depicted as orange octagons acting on both thiamine and pyrithiamine. The “X” on thiamine
represents the side chains thiamine, TMP, or TPP. The “R” on the HMP molecule represents the diversity of organic nucleophiles attached to it. Unclear or
unknown pathways are represented as dashed lines. In our model, thiamine disulfide is abiotically converted to thiamine (represented by gray lines), which ThiA
can act on. In the model, dibenzoyl thiamine loses the benzoyl group attached at the sulfur abiotically; the compound is then acted on by ThiA. It is unclear
how the second benzoyl group is removed. We suspect the HMP-R is imported through an unknown transporter (white oval with a “?”), and processed
intracellularly by an unknown enzyme (white triangle with a “?”) to HMP. THZ is likely imported by an unknown transporter (white oval with a “?”). For THZ
molecules containing phosphates, they are likely removed extracellularly, and the THZ is then imported.
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to grow on thiamine precursors rather than thiamine itself is unclear. However, this
phenomenon has been observed in other bacteria. Members of the SAR11 clade are
thiamine auxotrophs as they lack thiC, and in these bacteria, thiamine-limited growth
in laboratory culture is not rescued by the addition of thiamine; rather, it only occurs
when HMP is present (8). This might be an evolutionary consequence of their symbiosis
with cyanobacteria that exude HMP and/or the higher concentration of HMP than
thiamine near the deep chlorophyll maximum zone where SAR11 are found (8).
Similarly, eukaryotic phytoplankton have been shown to more efficiently use pyrimi-
dine precursors than thiamine for growth (44). In contrast, B. thailandensis has been
isolated from rice field soil and water, where the concentrations of available thiamine,
HMP, and THZ are unknown. Thiamine adsorbs to clay particles in soil, and the strength
of adsorption is pH dependent (45, 46). Adsorption may reduce the bioavailability of
thiamine, requiring soil microbes to evolve unique strategies for acquiring environ-
mental thiamine. It is possible that by degrading thiamine to its precursors, these
resources become more biologically available.

Aside from adsorbing to clay particles, thiamine is also labile in soil (17). Tempera-
ture, pH, and the presence of bisulfites and other inorganic bases, metal complexes,
and UV radiation can all contribute to the abiotic destruction of thiamine (47). Jenkins
et al. demonstrated that thiamine degradation occurs not only in alkaline soils but also
in neutral soils (17). Consequently, abiotic thiamine degradation may influence the
ecology of thiamine metabolism in multiple ways. First, thiaminase I may be active on
multiple naturally occurring thiamine breakdown products present in its environment.
This would free intact precursors, most likely the HMP, since THZ is less stable,
essentially serving as an extracellular TenA. Differences in the specificities of ThiA and
TenA (41) suggest that ThiA can accommodate a greater diversity of thiamine break-
down compounds, as the amino group of the pyrimidine moiety is important for
thiaminase I, but unlike TenA the side chain of the thiazole moiety does not play an
important role. Our results clearly demonstrate that HMP compounds produced by ThiA
can be recycled despite the addition of a nucleophile to HMP, though the details are
unclear.

The second likely influence of ThiA on the ecological context of B. thailandensis is
that extracellular processing of thiamine and thiamine analogs might serve as a means
for protecting the cell against incorporation of toxic analogs. ThiA could be used to
prevent the import of compounds that would be phosphorylated and then compete
with TPP for binding of TPP-dependent enzymes. Many organisms take preemptive
measures to prevent the use of toxic metabolites and cofactors (48). Recently, a
metabolic housecleaning function was described for a Nudix family hydrolase coded for
in thiamine biosynthesis operons in bacteria, plants, and fungi (49). This intracellular
enzyme removes the phosphate groups from oxythiamine and oxothiamine, prevent-
ing their incorporation into TPP-dependent proteins (49). In B. thailandensis, the gene
for a Nudix family protein (see Fig. S1 in the supplemental material) is found in the ThiA
operon, suggesting that it may serve this function. ThiA could be another preventative
component and provide the added bonus of being able to recycle usable moieties from
these toxic compounds. Our understanding of thiamine metabolism, particularly thia-
mine salvage and detoxification, is still limited, as there are new proteins that appear
seemingly essential to this metabolism and yet have unidentified functions (50).
Although our study supports a role for thiaminase I in thiamine salvage, further
investigation will be required to clarify its roles further.

Converting thiamine to its precursors and using them instead of thiamine may
provide an additional competitive advantage. ThiA activity reduces the already scarce
amount of thiamine available in the environment, but it would increase the amount of
precursors present. This may provide B. thailandensis with an advantage when com-
peting against thiamine auxotrophs that can only import thiamine. Furthermore, by
salvaging thiamine from environmental precursors B. thailandensis can bypass multiple
steps in the thiamine synthesis pathway, thus reducing the energy input needed to
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make them. Overall, B. thailandensis E264 has an arsenal of factors to compete against
other bacteria (51), and ThiA and may be another competition factor.

Although not known to be pathogenic to humans, B. thailandensis is able to infect
mammals at high doses (51–53) and insect models (54, 55). Thus, thiaminase I may be
another competition/pathogenicity factor that influences ecological interactions with
animals. Since animals are unable to synthesize thiamine, the production of ThiA would
convert any free thiamine into a form that B. thailandensis, but not its host, can use
during infection. Further, HMP has been characterized as toxic to rats as it interferes
with enzymes that require pyridoxal 5=-phosphate (56). Therefore, ThiA-mediated
production of HMP may have a 3-fold effect: (i) it would supplement B. thailandensis
growth, (ii) it would reduce host thiamine levels, and (iii) it would generate a compound
potentially toxic to the host. Additional studies are needed to substantiate these
hypotheses.

Our results shed light on a long-standing mystery in thiamine metabolism. The role
of thiaminase I has remained elusive, and here we provide evidence supporting the role
of this enzyme in thiamine salvage. Still, future studies are needed to develop a
comprehensive understanding of the role of thiaminase I in thiamine metabolism by B.
thailandensis and other organisms that produce this enzyme. Our study also raises
caution with using thiaminase I as a tool to eliminate thiamine from media to evaluate
the thiamine requirements of a bacterium (1). Specifically, the use of thiaminase I might
confound results with bacteria that have the ability to take up and grow well on the
thiamine precursors generated by the enzyme. Instead, we recommend using a defined
medium to better understand the capacity of a microorganism to grow in a thiamine-
free environment.

MATERIALS AND METHODS
Bacteria and yeast growth conditions. Strains are listed in Table 2. The accession numbers for the

B. thailandensis E264 genome are CP000085 for chromosome I and CP000086 for chromosome II. B.
thailandensis strains were grown in TSB at 27°C, while E. coli strains were grown in Luria broth (LB) at
37°C. Saccharomyces cerevisiae was grown YPD medium (57) at 27°C. Chemically defined medium (DM4)
for B. thailandensis was based on M9 medium (58); however, it was buffered with 0.1 M MES (pH 6.0) and
contained 10 mM FeSO4, 9.5 mM NH4Cl, 0.276 mM K2SO4, 0.5 �M CaCl2, 0.525 mM MgCl2, 50 mM NaCl,
1.32 mM K2HPO4, 1% (vol/vol) vitamin supplement (ATCC MD-VS) excluding thiamine, 1% (vol/vol) trace
mineral solution (ATCC MD-TMS), 0.1% (wt/vol) glucose, and 12.5% (vol/vol) of a mixture of all 20 amino
acids, based on published concentrations (59). Due to the potential for thiamine adsorption to glassware

TABLE 2 Strains and plasmids used in this study

Strain or plasmid Genotypea Source or reference

Organism strains
E. coli

DH5� Invitrogen
BL21(DE3) Overexpression strain Invitrogen

B. thailandensis
E264 Wild type 67
BT10432 E264 thiA::ISlacZ-PrhaBo-Tp/FRT 63
BT10432-thiC BT10432 ΔthiC::tetR This study
BT10432-thiG BT10432 ΔthiG::cat This study
BT10432-thiCthiG BT10432 ΔthiC::tetR ΔthiG::cat This study
E264-thiC E264 ΔthiC::tetR This study
E264-thiG E264 ΔthiG::cat This study
E264-thiCthiG E264 �thiC::tetR ΔthiG::cat This study

S. cerevisiae
InvSc1 MATa/MAT� leu2/leu2 trp1-289/trp1-289 ura3-

52/ura3-52 his3-�1/his3-�1
62

Plasmids
pMQ87 CEN6 ARSH4 aaC1 lacZa oriT oriColE1; Gmr 62
pMQ87 thiC pMQ87 ΔthiC::tetR This study
pMQ87 thiG pMQ87 �thiG::cat This study
pET-28 bcmE Overexpression vector containing bcmE(thiACb) 25

aGmr, gentamicin resistance.
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(60), we took precautions to ensure no contamination of DM4 occurred using our published glassware
washing protocol (61).

Mutant construction. Plasmids containing thiC (BTH_I2844) and thiG (BTH_I3006) disruptions were
generated using the S. cerevisiae recombineering method developed by Shanks et al. (57, 62). Briefly, the
PCR products of the 5= and 3= ends of the thiC gene were amplified from E264 genomic DNA and
recombined with the PCR product of a tetracycline resistance gene amplified from B. thailandensis
BT02155 genomic DNA (63), partially deleting the thiC gene. These PCR products were recombined into
the pMQ87 plasmid. The thiG disruption was created with the same approach, except using the thiG
specific primers to generate the 5=- and 3=-end fragments and primers to amplify the chloramphenicol
resistance gene (cat) from the pBeloBAC11 plasmid (64). All PCR primers are listed in Table 3.

Generation of B. thailandensis mutants. To introduce the thiC or thiG disruptions, we followed the
natural competence protocol for B. thailandensis to generate competent E264, BT10432 and mutants (65).
Briefly, PCR products of the disruption constructs amplified from their cognate pMQ87 plasmids were
added to competent E264 and BT10432 cells to generate the single mutants. The E264-thiC transformants
were selected on 50 �g/ml tetracycline and the BT10432-thiC transformants were selected on 50 �g/ml
tetracycline and 100 �g/ml trimethoprim. The thiG disruption mutants (E264-thiG and BT10432-thiG)
were generated the same way. The E264-thiG transformation culture was plated on LB with 256 �g/ml
chloramphenicol, and the BT10432-thiG transformation cultures were plated on LB with 256 �g/ml
chloramphenicol and 100 �g/ml trimethoprim. To generate the E264-thiCthiG disruption mutant,
genomic DNA was isolated from E264-thiC and used to transform competent E264-thiG. For the
BT10432-thiCthiG mutant, E264-thiCthiG was transformed with BT10432 genomic DNA. Cells were plated
on LB containing the antibiotics specific for each mutation. Mutations were verified by PCR. Primers
outside the construct region were used to amplify across the disruption. PCR products were compared
to PCR products amplified from E264 genomic DNA. Those PCR products that differed in size and
appeared to contain the disruption were confirmed via Sanger sequencing at the Cornell Institute of
Biotechnology.

Serial transfer experiments. For each experiment, B. thailandensis strains were plated from frozen
stocks on TSA. After 3 days of growth at 30°C, individual colonies were grown in TSB overnight at 27°C
with shaking at 200 rpm. The culture OD600 was read with an Ultrospec 2000 spectrophotometer
(Pharmacia Biotech) and then subcultured in 3 ml of DM4 supplemented with 1 mM thiamine-HCl at a
starting OD600 of 0.025. Growth was monitored at 18, 24, 30, and 48 h. At 24 h, each culture was
subcultured into DM4 without any thiamine at the starting OD600 of 0.025. Serial dilutions were repeated
until the auxotrophs could not grow. E264 and BT10432 were grown as positive controls for each
experiment, depicted in Fig. 2. For the original serial transfer experiments, all 8 strains were used, n �
6 for each strain. For the serial transfers from pyrithiamine-containing media, cells were transferred at 24
h. For the serial transfers from thiamine disulfide- and dibenzoyl thiamine-containing media, samples
were transferred at 30 h. OD600 at 24 h for each experimental grouping was statistically compared in JMP
Pro 12.0.1 via an analysis of variance (ANOVA). If there were significant differences, pairwise comparisons
were made using Student t test. P values were Bonferroni corrected based on the number of compar-
isons.

Supernatant rescue experiments. Supernatant was collected after centrifugation of E264-thiC and
BT10432-thiC cultures after 24 h of growth at the transfer before each strain cannot grow (Fig. 2). The
supernatant was sterilized using a 0.2-�m-pore size filter. Then, 1.5 ml of each supernatant was mixed

TABLE 3 Primers used in this study

Primer Sequence (5=�3=)a

pMQ87-thiC 5= F AGCTTGCATGCCTGCAGGTCGACTCTAGAGGATCCTCTGTCCCCTGTTGAAAC
thiC 5= F TCTGTCCCCTGTTGAAAC
thiC 5= R CAGGCTTTCCAGATACTC
thiC 3= F GACTGGTGCAAGGAAGCG
thiC 3= R TTACGCTGCTGGGTGGTC
pMQ87-thiC 3= R AAACAGCTATGACCATGATTACGAATTCGAGCTCGTTACGCTGCTGGGTGGTC
thiC-tetR F CGCGATCCGCGAGAACCAGCGCCGCGCCGAGTATCTGGAAAGGCTAACGCAGTCAGGCAC
tetR-thiC R GTCGTAGCCGGGCGCGATGTCGGTCGTGAGCGGCCCGAGCGTTCCGTTAGCGAGGTGCCG
thiC-tetR construct confirmation F GCGCAACATGGCATCCGG
thiC-tetR construct confirmation R CGTCGGCCCATTCGAGGG
pMQ87-thiG 5= F AGCTTGCATGCCTGCAGGTCGACTCTAGAGGATCCAGCTGCACGGTCCGCAC
thiG 5= F AGCTGCACGGTCCGCAC
thiG 5= R GCGTGCTGCTGAACACG
thiG 3= F AGCGCGACCGTCACCATC
thiG 3= R GAACTGAATGCGCAATGC
pMQ87-thiG 3= R AAACAGCTATGACCATGATTACGAATTCGAGCTCGGAACTGAATGCGCAATGC
thiG-cat F GAACGCGCGCGCCATGATCTCCGGATGCGTCGCCTGCGATACGGCGAAAATGAGACGTTG
cat-thiG R GTCGCTGCAGTCGCTGTCCGATTCGATCGCGGCCGCGCGGCCAGGCGTAGCAACCAGGCG
thiG-cat construct confirmation F GTTCAGGTTCGACAGGAC
thiG-cat construct confirmation R ATGCGATGAACATGCGTG
aUnderlining signifies the sections of the primers that overlap with pMQ87. Boldfacing indicates the sections of the antibiotic resistance gene primers that overlap
with sections of the thiamine biosynthesis genes.
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with 1.5 ml of fresh thiamine-free DM4. E264-thiC and BT10432-thiC were serially transferred as described
in the serial transfer experiments. However, at the terminal transfer where BT10432-thiC could no longer
grow (Fig. 2), it was subcultured in the 1:1 mixture E264-thiC-DM4 supernatant:DM4 and the 1:1 mixture
BT10432-thiC-DM4 supernatant:DM4, while E264-thiC was grown in the mixture at the second transfer
step.

Thiaminase I activity. To assay thiaminase I activity in cultures grown in DM4, 1.5 ml samples of
culture supernatant were collected at 12, 18, 24, and 30 h for each transfer. Large molecules were
concentrated from the supernatant using Amicon Ultracel 30K centrifugal filters (Millipore). Thiaminase
I assays were then conducted using 3 �l of the concentrated samples according to a published protocol
(42), which is a spectrophotometric assay measuring the consumption of 4-nitrothiophenol (4-NTP).
4-NTP is a preferred nucleophile for thiaminase I and is consumed when exchanged with the THZ moiety
in thiamine by thiaminase I. The rate of consumption of the compound and its associated colorimetric
change delineates thiaminase I activity.

Thiochrome assay to test for deterioration of thiamine in uninoculated medium. Thiamine was
added to DM4 at a final concentration of 200 mM, and the production of thiochrome was assayed after
incubations of 24 h, 12 h, 1 h, and 30 min. We followed the fluorescence assay procedure previously
described (66). Thiochrome is the fluorescent, oxidized form of thiamine generated by the addition of
potassium ferrocyanide and sodium hydroxide. Thiochrome only forms when thiamine is intact, and the
amount of thiochrome formed is proportional to the amount of intact thiamine that was oxidized.

Overexpression and purification of thiaminase I. The pET-28 plasmid containing His-tagged
ThiACb, Clostridium botulinum thiaminase I (1), was transformed into E. coli BL21 as described previously
(66). To extract the protein, we modified a published protocol (25). Briefly, USB PrepEase histidine-tagged
high-yield purification resin (Affymetrix) was added to the clear cell lysate, followed by incubation
overnight in an orbital shaker at 4°C. We used buffers recommended by the manufacturer. The slurry was
poured into a column and washed with 50 ml of lysis buffer. The protein was eluted with 15 ml of elution
buffer added in 5-ml increments. Fractions were tested for thiaminase activity (42). Samples were
dialyzed overnight in 100 mM NaCl–50 mM potassium phosphate buffer (pH 7.2).

Rescue experiments. Purified ThiACb, thiamine precursors, thiamine, phosphorylated thiamine, or
thiamine analogs were added to bacterial cultures to evaluate conditions that could recover growth
of thiamine auxotrophs. ThiACb was added to a concentration of 1 �g/ml (n � 3). HMP (n � 6), THZ
(n � 6), a combination of both (n � 6), or thiamine (n � 9) was added to cultures at a concentrations
of 50 mM each. The thiamine analogs and derivatives, TMP (n � 6), and TPP (n � 6), oxythiamine
(n � 6), pyrithiamine (n � 6), 3-benzyl-5-(2-hydroxyethyl)-4-methylthiazolium chloride (n � 3),
dibenzoyl thiamine (n � 6), and thiamine disulfide (n � 6) were added at 10 �g/ml. For the thiC thiG
mutants, oxythiamine and pyrithiamine were added together at a concentration of 10 �g/ml for
each compound.
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