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Work presented here establishes a connection between cellular coenzyme A (CoA) levels and thiamine
biosynthesis in Salmonella enterica serovar Typhimurium. Prior work showed that panE mutants (panE encodes
ketopantoate reductase) had a conditional requirement for thiamine or pantothenate. Data presented herein
show that the nutritional requirement of panE mutants for either thiamine or pantothenate is manifest only
when flux through the purine biosynthetic pathway is reduced. Further, the data show that under the above
conditions it is the lack of thiamine pyrophosphate, and not decreased CoA levels, that directly prevents

growth.

Thiamine pyrophosphate (TPP) is a required cofactor in
many reactions, including those involving the removal or trans-
fer of C, units. TPP is synthesized de novo through the con-
densation of two independently synthesized compounds,
4-methyl-5-(B-hydroxyethyl)thiazole phosphate and 4-amino-
5-hydroxymethyl-2-methyl-pyrimidine pyrophosphate (HMP-
PP) (4). Our current understanding of thiamine biosynthesis is
outlined in Fig. 1. Relevant to this work is that HMP-PP is
synthesized from aminoimidazole ribotide (AIR), an interme-
diate in de novo purine biosynthesis. AIR is synthesized by
using the first five enzymes in purine biosynthesis (20-22) or, in
the absence of the first enzyme (PurF), by an uncharacterized
phosphoribosylamine (PRA)-forming activity (10, 12, 14). In
the latter case, sufficient PRA is generated to allow thiamine
but not purine synthesis. The mechanism of PRA formation in
a purF mutant has been refractile to genetic and biochemical
analyses and has been proposed to involve contributions by
several enzymes with primary roles elsewhere in metabolism.

Lesions in several loci result in inability, or reduced ability,
of the cell to synthesize thiamine in the absence of PurF (2, 3,
6, 11, 23, 24). Characterization of several of these loci has
resulted in the conclusion that with the exception of PRA
generation, thiamine synthesis is mechanistically similar with
and without PurF (2, 6, 14, 16, 23). Therefore, to explain the
finding that several mutant loci prevent thiamine synthesis in a
purF strain but not in wild-type strains, we suggest that the
metabolic status of a purF mutant (i.e., low flux through purine
biosynthesis) renders thiamine synthesis more sensitive to dis-
ruption.

Mutations in the pantothenate biosynthetic gene panE
(which encodes ketopantoate reductase) were recently shown
to cause a requirement for either thiamine or pantothenate
under some growth conditions (11, 17; J. Zilles, J. Kappock, J.
Stubbe, and D. M. Downs, unpublished data). It is important
to point out that panE mutants have a wild-type growth rate on
minimal medium. This growth is possible because an enzyme in
isoleucine biosynthesis, acetohydroxy acid isomeroreductase
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(IIVC), can reduce sufficient ketopantoate for pantothenate
biosynthesis (Fig. 1B) (25).

The work presented here was pursued in order to under-
stand the connection between pantothenate, coenzyme A
(CoA), and thiamine synthesis. In the literature, several refer-
ences have been made to a phenotypic connection between
pantothenate and thiamine (9, 11, 19). Results presented
herein demonstrate that the nutritional requirement of panE
mutants results from reduced flux through the purine biosyn-
thetic pathway. Further, the data show that under conditions of
low purine flux, there is an increased requirement for CoA (or
an intermediate between pantothenate and CoA) in thiamine
synthesis.

Levels of CoA are reduced in panE mutants. Table 1 con-
tains data showing growth rates on different media, and the
resulting CoA and TPP levels, in a panE mutant and a wild-
type strain. Significant aspects of these data are discussed be-
low. The TPP concentrations of cells grown in exogenous thi-
amine are not reported but were routinely >100-fold higher
than those measured in cells grown in medium lacking exoge-
nous thiamine. As expected, exogenous pantothenate resulted
in up to a twofold increase of CoA levels even in the wild-type
strain (7).

(i) Minimal medium. When grown on minimal medium,
panE mutants have no detectable growth defect, since the IlvC
enzyme is able to reduce ketopantoate for pantothenate bio-
synthesis (25). However, the contribution of PanE to panto-
thenate and/or CoA biosynthesis is reflected by the eightfold
reduction in total CoA levels in panE mutants compared to the
isogenic wild-type strain (Table 1, lines 1 and 7). This result
indicates that the cell maintains a CoA level in excess of that
required for full growth in unsupplemented medium and rep-
resents the first report of an upper limit of the CoA level
required for efficient prototrophic growth in Salmonella en-
terica serovar Typhimurium.

(ii) Minimal adenine medium. Recent work has shown that
the presence of adenine in the medium reduces the cellular
pool of TPP (14). Phenotypic analyses and labeling studies
suggest that this reduction is due primarily to a decrease in flux
through the purine biosynthetic pathway (26; Zilles et al., un-
published data). A purF panE double mutant was unable to
grow in the absence of adenine and either pantothenate or
thiamine (11, 17). Consistent with previous work, we found
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FIG. 1. Relevant metabolic pathways. (A) Our present understanding of thiamine biosynthesis is illustrated. Where known, the enzyme responsible for each step
is indicated. Dotted arrows represent biochemical reactions that have not been characterized. (B) The biosynthetic pathways contributing to coenzyme A synthesis are
illustrated. Where relevant and known, the enzyme catalyzing each reaction is indicated.

that mutants defective in panE had a significantly reduced
growth rate in medium supplemented with adenine containing
gluconate as the carbon and energy source (Table 1, line 10).
Taken together, these results suggest that reduced flux through
the purine biosynthetic pathway is responsible for generating
the nutritional requirement in a panE mutant.

Growth of a panE strain depends on adequate TPP levels.
On medium containing adenine, panE mutants had lowered
levels of both CoA and TPP compared to a wild-type strain
(Table 1, lines 4 and 10). Since the nutritional requirement of
a panE mutant could be satisfied by either pantothenate or
thiamine, we considered two possibilities. Either one, but not

both, of the respective metabolite pools could be reduced
without affecting growth, or the reduction in one pool could
lead to a reduction in the other. If the former possibility was
correct, addition of either supplement would restore its respec-
tive metabolite pool as well as the growth rate. If the latter
possibility was true, we expected that addition of the primary
metabolite would restore both the growth rate and the levels of
both metabolites.

The data shown in Table 1 are consistent with the second
possibility above. Although addition of thiamine to the growth
medium of a panE mutant restored a wild-type growth rate and
elevated the TPP levels, it failed to result in increased CoA
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TABLE 1. TPP and CoA pools in wild-type and panE mutant strains

Level (avg = SD) of”:

Strain Addition(s)* Growth rate (p)°
TPP CoA
Wild type (LT2)
1 None 62.4 =224 0.189 = .003 0.48 = 0.0
2 Thi NA 0.186 = .005 0.48 = 0.01
3 Pan 538 £ 1.0 0.211 = .023 0.46 = 0.01
4 Ade 38.7 £ 13.0 0.149 = .017 0.49 = 0.01
5 Ade-Thi NA 0.148 = .002 0.46 = 0.02
6 Ade-Pan 432 £15.1 0.240 = .024 0.47 = 0.01
panEl::Mud] (DM63)
7 None 58.0 = 13.6 0.023 = .004 0.45 = 0.04
8 Thi NA 0.044 = .017 0.48 = 0.01
9 Pan 449 9.8 0.164 = .014 0.44 = 0.02
10 Ade 145 £ 3.6 0.032 = .011 0.25 = 0.01
11 Ade-Thi NA 0.023 = .005 0.43 = 0.05
12 Ade-Pan 40.1 = 10.0 0.166 = .016 0.49 = 0.05

“ Abbreviations: Ade, adenine; Thi, thiamine; Pan, pantothenate.

® TPP levels are expressed as picomoles per milligram (dry weight) of cells (29), and CoA levels are expressed as nanomoles per milligram (dry weight) of cells (1,

15). Data are averages of three independent experiments. NA, not applicable.

¢ Specific growth rates were determined as p = In(X/X,)/7, as previously described (24). Growth curves were performed with three independent innocula, and the

rates were averaged.

levels. In contrast, the addition of pantothenate restored the
wild-type growth rate and increased the levels of both relevant
metabolites. From this result, we conclude that the decreased
CoA levels caused by a panE mutation prevented thiamine
synthesis when flux through the purine pathway was reduced.
This conclusion is consistent with the ability of a panE mutant
to grow prototrophically when flux through the purine pathway
is elevated and CoA levels remain reduced.

Conditions that decrease the rate of pantothenate biosyn-
thesis cause a conditional requirement for TPP. If the conclu-
sion in the previous section is correct, any strain with lowered
pantothenate biosynthesis should display a thiamine require-
ment when there is low flux through the purine pathway. Since
a panE mutant is only partially blocked in pantothenate bio-
synthesis, testing of this hypothesis required conditions that
would also partially block pantoate biosynthesis. A tempera-
ture-sensitive mutation in panB (which encodes ketopantoate
hydroxymethyltransferase [Fig. 1B]) was utilized to generate
such a block. Since the CoA level in strain DM374 [panB62§
(Ts)] was inversely proportional to growth temperature (Table
2) while the isogenic wild-type strain had constant CoA levels,
we concluded that the panB628(Ts) allele resulted in a partial

TABLE 2. CoA levels change as a function of growth temperature
in a mutant carrying allele panB628(Ts)

Ratio of CoA levels

ng P Strain panB allele CoA level” [wild type/
€O panB628(Ts)]
30 LT2 Wild type 0.227 = 0.062
DM374  panB628(Ts)  0.068 = 0.002 333
32 LT2 Wild type 0.231 = 0.027
DM374  panB628(Ts)  0.053 = 0.005 435
35 LT2 Wild type 0.258 = 0.084
DM374  panB628(Ts)  0.029 = 0.016 8.90

“ CoA levels (nanomoles per milligram [dry weight] of cells) were determined
from cultures grown at the indicated temperature (1, 15).

block of pantothenate biosynthesis at intermediate tempera-
tures.

Strain DM4961 [purF2085 panB628(Ts)] was constructed to
test if thiamine synthesis was prevented when flux through the
purine pathway was reduced. Growth of this strain was moni-
tored over a temperature range from 30 to 37°C in gluconate
medium containing adenine, adenine and pantothenate, or
adenine and thiamine. Representative growth rates from these
experiments are shown in Table 3. These data demonstrate
that an intermediate temperature (32°C) could generate the
anticipated phenotype in the panB(Ts) purF mutant. At 30°C
(Table 3, line 1) this strain showed wild-type growth behavior,
while at 32°C (line 2) a clear requirement for thiamine or
pantothenate was detected, similar to that described for the
purF panE mutant (11). As expected, at higher temperatures
only pantothenate restored the full growth of strain DM4961,
consistent with other metabolic requirements becoming un-
masked by the progressive reduction of CoA levels. These
results confirm that a partial block in pantothenate biosynthe-
sis generates a thiamine requirement when flux through the
purine biosynthetic pathway is reduced.

Low CoA, not pantothenate, levels affect thiamine synthesis.
Results in the previous sections were consistent with the hy-

TABLE 3. panB628(Ts) generates a temperature-conditional
thiamine auxotrophy

Specific growth rate () on minimal medium with*:

Temp (°C)
Ade Ade-Thi Ade-Pan
30 0.34 0.45 0.46
32 0.12 0.32 0.50
35 0.07 0.12 0.42
37 0.03 0.13 0.50

“ Medium contained gluconate (22 mM) as the sole carbon and energy source
plus the indicated additions. Data are for growth of strain DM4961 [purF2085
panE628(Ts)] at the indicated temperatures and are from a representative ex-
periment. Growth curves were performed as described previously (24) with the
specific growth rate determined as w = In (X/X,)/T. Abbreviations: Ade, ade-
nine; Thi, thiamine; Pan, pantothenate.
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FIG. 2. Low CoA levels result in thiamine auxotrophy in a purF background. Growth curves were performed as described previously (24). Cultures depicted in panel
A were grown at 30°C; those in panel B were grown at 34°C. Squares represent strain DM5342 [purF2085 zii-8038::Tn10d(Tc) coaA1(Ts)]; circles represent strain
DM5343 [purF2085 zii-8038::Tnl0d(Tc)]. Strains were grown in medium with gluconate as the sole carbon and energy source plus adenine in the absence (open symbols)

or presence (solid symbols) of exogenous thiamine.

pothesis that low CoA levels prevent thiamine synthesis when
flux through the purine pathway is significantly reduced. How-
ever, it remained formally possible that pantothenate played a
role in thiamine synthesis in addition to elevating CoA levels.
This was an important distinction, since the above experiments
utilized exogenous pantothenate to alter CoA levels.

To investigate the effect of decreased CoA levels on thia-
mine biosynthesis, we constructed a strain that had reduced
CoA levels independently of pantothenate biosynthesis. Pan-
tothenate kinase, the product of the coaA gene, is an essential
enzyme and is the first dedicated step in CoA biosynthesis (Fig.
1B). Past work with Escherichia coli characterized conditional
coaA mutants and showed that these mutations decrease the
levels of CoA and simultaneously elevate the levels of endog-
enous pantothenate (28). We isolated a conditional (temper-
ature-sensitive) coa4 mutant in serovar Typhimurium. This
mutant was determined to be defective in the coaA gene based
on the following criteria: (i) the mutant displayed wild-type
growth on minimal or rich medium at 30°C and lack of growth
on either medium at 42°C, (ii) the mutant had fourfold-re-
duced pantothenate kinase activity in cell extracts at 40°C (33
versus 145 pmol/min/mg of protein) (13), and (iii) the lesions
mapped to the expected position in the chromosome and were
complemented by a plasmid that carried only the wild-type
allele of coaA from E. coli (27) (data not shown).

The coaA(Ts) mutation was transduced into DM1936
(purF2085), generating the isogenic strains DM5242 [purF2085
zii-8038::Tnl10d(Tc) coaAl(Ts)] and DMS5243 [purF2085 zii-
8038::Tn10d(Tc)]. The thiamine requirements of these two
strains were determined at 30 and 34°C, and representative
results are shown in Fig. 2. Two points could be made from
these data. First, the growth rates of the two strains were
indistinguishable (u = 0.29) at either temperature when thia-
mine was present in the medium, demonstrating that the coaA
mutation did not adversely affect normal metabolism at these
temperatures. Second, the purF coaA™ mutant was able to
grow in the absence of thiamine at both temperatures (n =
0.28) due to the PurF-independent thiamine synthesis known
to occur (24). Significantly, the purF coaA(Ts) mutant became

a thiamine auxotroph at 34°C (. = 0.14), exhibiting a require-
ment for thiamine that could not be satisfied by pantothenate.
This experiment effectively uncoupled exogenous pantothe-
nate from endogenous CoA levels. Thus, this result allows us
to conclude that a reduced level of CoA, or a metabolite
between pantothenate and CoA, is responsible for the thia-
mine requirement of panE mutants when flux through the
purine pathway is reduced.

Summary. The work presented here has made three contri-
butions to our understanding of metabolism in Salmonella se-
rovar Typhimurium. First, experiments herein have defined an
upper limit for the CoA levels required for prototrophic
growth, since panE mutants with an eightfold reduction in CoA
levels had no apparent growth defect on minimal medium.
Second, data from this work have validated the hypothesis that
the metabolic requirements for thiamine synthesis differ de-
pending on the level of flux through the purine biosynthetic
pathway. We have demonstrated that while a reduction in
cellular CoA levels does not normally interfere with thiamine
synthesis, the combination of low CoA levels plus reduced flux
through the purine pathway generates a defect in thiamine
synthesis. We suggest that this result implicates CoA (or an
intermediate between pantothenate and CoA) in thiamine syn-
thesis, at least under conditions of low purine flux. There are
various ways to incorporate this finding into a hypothesis. The
model we favor is that a CoA thioester is involved in modifying
(e.g., succinylating or acetylating) an intermediate in thiamine
synthesis and that this modification increases the efficiency of
the respective enzymatic reaction. There is precedent for an
enzyme favoring a modified substrate while being able to func-
tion poorly with an unmodified substrate (e.g., ornithine
transaminase [5, 8]). Such a model would predict that modifi-
cation is not critical when substrate (AIR) levels are high but
becomes critical for efficient conversion of AIR to HMP when
substrate levels are limiting due to reduced flux through the
purine biosynthetic pathway. Work is under way to character-
ize ThiC, the protein predicted to catalyze the conversion of
AIR to HMP, and to begin addressing the hypothesis pre-
sented by this work.
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Finally, we have found that the first metabolic defect result-
ing from a reduction in CoA levels is the conditional thiamine
requirement. This result differs from a previous report for E.
coli, which indicated that growth stasis in CoA-depleted strains
was due to the inability to synthesize amino acids and proteins
(18). Two points should be made about the difference in ex-
perimental conditions: in the earlier experiments, thiamine was
routinely added to the medium and, since flux through the
purine pathway was at wild-type levels, no thiamine require-
ment would be expected.
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