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"The most exciting phrase to hear in science,
the one that heralds new discoveries, is not ‘Eureka!’ but ‘That's funny..."

/saac Asimov
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Although Ravin-dependent ThyX proteins show thymidylate synthase activity in vitro and functionally
complement thyA defects in heterologous systems, direct proof of their cellular functions is missing. Using
insertional mutagenesis of Rhodobacter capsulatus thyX, we constructed the brst debitegX inactivation
mutant. Phenotypic analyses of the obtained mutant strain conbrmed thatR. capsulatu§hyX is required for
de novo thymidylate synthesis. Full complementation of theR. capsulatus thyX::spestrain to thymidine
prototrophy required not only the canonical thymidylate synthase ThyA but also the dihydrofolate reductase
FolA. Strikingly, we also found that addition of exogenous methylenetetrahydrofolate transiently inhibited the
growth of the different Rhodobactestrains used in this work. To rationalize these experimental results, we used

a mathematical model of bacterial folate metabolism.

This model suggests that a very low dihydrofolate

reductase activity is enough to rescue signibcant thymidylate synthesis in the presence of ThyX proteins and
is in agreement with the notion that intracellular accumulation of folates results in growth inhibition. In

addition, our observations suggest that the presence

of Ravin-dependent thymidylate synthase X provides

growth benebts under conditions in which the level of reduced folate derivatives is compromised.

The folate cycle plays a central role in cell metabolism. Folate-
dependent enzymes are required for methionine synthesis, nu-
merous methylation reactions, and synthesis of purine and pyrim-
idine nucleotides. As the different loops of the folate cycle are
interconnected, a mathematical model of this cycle has been de-
scribed recently for eukaryotic cells (21). This basic model has the
qualitative behavior seen in a variety of experimental studies on
folate homeostasis in the cytosol of human cells. Moreover, it
predicts that the activities of folate-dependent enzymes depend
on the size of the total folate pool in a nonlinear fashion (23). For
instance, actively dividing cells require large quantities of the
DNA precursor thymidylate (dTMP). In human cells, the thymi-
dylate synthase ThyA (EC 2.1.1.45) catalyzes the reductive meth-
ylation of dUMP to dTMP, using 5,10-methylenetetrahydrofolate
(CH,THF) as a donor of one-carbon units and as a reductant (2).
The resulting 7,8-dihydrofolate (DHF) is reduced to tetrahydro-
folate (THF) by the dihydrofolate reductase (DHFR) FolA (Fig.

1). As formation of dTMP is rate limiting for DNA replication, in
human cells thethyA gene is up-regulated by the transcription
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15, France.
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factor E2-F (5). This greatly enhances dTMP synthesis, whereas
other branches of folate metabolism are scarcely affected (21).

In contrast to the human thymidylate synthase ThyA, the
members of the novel ThyX family of thymidylate synthases
(EC 2.1.1.148) are NAD(P)H oxidases that use avin adenine
nucleotide to mediate hydride transfer (1, 10, 11, 20). There-
fore, although both ThyA and ThyX catalyze the formation of
thymidylate in vitro, their reductive mechanisms are dramati-
cally different (Fig. 1). ThyX catalysis results in the formation
of THF, not DHF, as the product of the methylation reaction
(12, 19), but virtually nothing is known to date about how the
activity of the avin-dependent thymidylate synthase ThyX
in uences the different folate-dependent branches of bacterial
metabolism. This is of particular interest as, e.g.Mycobacte-
rium and Corynebacteriunspecies contairthyA and thyX genes,
but to date why both genes are maintained in these organisms
is poorly understood.

Previous genetic studies orthyX either were performed us-
ing poorly de ned genetic backgrounds (7) or were based upon
multicopy heterologous complementation systems using either
bacterial (9, 12, 20, 29) or viral (10, 11¥hyX genes.

In order to obtain direct evidence for the in vivo role of ThyX
enzymes, we inactivated théhyX gene from the purple bacterium
Rhodobacter capsulatusy insertion of an antibiotic cartridge. The
thyX::Spe€ mutant obtained was viable only when thymidine was
provided in the growth medium, proving that ThyX proteins in-
deed function in de novo thymidylate synthesis. We also showed
that functional complementation of the thyX::Spe¢ mutant re-
quires not only thyA but alsofolA, whereas earlier studies showed
that thyX alone complements athyA deletion strain. This growth
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FIG. 1. Schematic representation of different folate metabolic pathways identi ed inBacteria. The ThyX and ThyA pathways for de novo

thymidylate synthesis are highlighted by the large gray box. Although both thymidylate synthases produce dTMP, they use different reductive

mechanisms. Genetic inactivation of FolA or inhibition of its activity by trimethoprim leads to the accumulation of DHF in ThyA-containing
organisms, thus resulting in growth inhibition (see Fig. 5). In contrast, ThyX proteins produce THF directly as a reaction product. GlyA (serine
hydroxymethyltransferase) can be found in both ThyX- and ThyA-containing organisms. All the reactions were considered for simulations.

Substrates are enclosed in rectangles, and enzymes are enclosed in ellipses. In several cases both the eukaryotic and bacterial abbreviations for th
enzymes are shown (redox active compounds participating in many of the reactions are not shown). Abbreviations: 5mTHF, 5-methyltetrahydro-

folate; 5,10-CH2-THF, 5,10-methylenetetrahydrofolate; 5,10-CHTHF, 5,10-methenyltetrahydrofolate; 10f-THF, 10-formyltetrahydrofolate;
AICART, aminoimidazolecarboxamide ribotide transformylase; TS, thymidylate synthaseMTD, 5,10-methylenetetrahydrofolate dehydrogenase;

MTCH, 5,10-methylenetetrahydrofolate cyclohydrolase; PGT, phosphoribosyl glycinamidetransformylase; SHMT, serine hydroxymethyltransferase

MTHFR, 5,10-methylenetetrahydrofolate reductase; MS, methionine synthase; GAR, glycinamide ribotide; AICAR, aminoamidazolecarboxamide
ribotide; GDC, glycine decarboxylase; DHPR, dihydropteridine reductase; DHFS, dihydrofolate synthase; GCVT, glycine cleavage system aminometh
yltransferase; FTDP, formyltetrahydrofolate deformylase; Hcy, homocysteine.

defect in the absence of FolA cannot be rescued by addition of
exogenous folates, which unexpectedly results in growth inhibi-
tion. Mathematical modeling of folate metabolism for ThyX-
containing bacteria in the presence and absence of ThyA indi-
cated that ThyA is a critical determinant of reduced folates in
actively dividing bacterial cells. In particular, in organisms with
only the thymidylate synthase ThyX, a very low level of DHFR
activity is sufcient to rescue signi cant thymidylate synthesis.
These ndings suggest that the presence of ThyX proteins is
bene cial when the steady-state level of reduced folate molecules
is compromised (for instance, upon exposure to antifolates).

MATERIALS AND METHODS

Bacterial strains, media, and growth conditions. The bacterial strains and
plasmids used in this study and their relevant characteristics are listed in

Table 1.R. capsulatusstrains were grown at 35°C under chemoheterotrophic or
photoheterotrophic conditions using enriched MPYE medium (3 g peptone per
liter, 3 g yeast extract per liter, 1.6 mM MgC}, 1.0 mM CaCl,) or on Sistrom’s
minimal medium (27a). For photoheterotrophic growth on solid medium,
anaerobic jars and H/CO, generator envelopes from BBL GasPak were used.
Respiratory doubling times under aerobic growth conditions in liquid medium
were calculated from semilogarithmic growth curves obtained at 630 nm.
CH,THF and THF were kindly provided by R. Moser (Merck Eprova AG).
Where necessary, antibiotics, nucleotides, and folate derivatives were added at
the following nal concentrations: tetracycline, 2 g/ml; spectinomycin, 10 g/
ml; rifampin, 75 g/ml; thymidine, 1 or 50 g/ml; and folates, 50 or 100 g/ml.
Chromosomal inactivation of the R. capsulatus thyXjene by insertion mu-
tagenesis. All oligonucleotides used in this work were obtained from Sigma-
Genosys. The plasmid constructs obtained were con rmed by restriction analyses
and DNA sequencing. To construct pDL5 (Table 1), the chromosomal region
carrying the R. capsulatusstrain MT1131 thyX gene was ampli ed by PCR using
primers ORF311-C and ORF311-E (Table 1). The ampli ed 1.7-kb DNA frag-
ment was inserted into the pGEM-T Easy vector (Promega), and its correct
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TABLE 1. Bacterial strains, plasmids, and oligonucleotides used in this work
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Strain, plasmid, or

oligonucleotide

Relevant characteristics

Source or reference

R. capsulatusstrains

MT1131 Parental strain F. Daldal
DL1 thyX::Spe¢ This study
R. sphaeroide§a crt F. Daldal
E. coli strains
SURE eld (McrA ) (mcrCB-hsdSMR-mrr)171 endAl supE44 thi-1 gyrA96 relAl lac recB recJ Stratagene
sbcC umuC::Tn5(Kan") uvrC F proAB lacl%Z M15 Tnl0 (Tet")
HB101 F proA2 hsdS20 recAl3 ara-14 lacY xyl-5 galK2 rpsL20 supE44 rplsL20 supE44 proA2 mtl-1 ~ ATCC
S17-1 thi pro ara recAStrepRP4 2-Tet::Mu-Kan::Tn7 27
Plasmids
pGEM-T Easy Amp" Promega
pBluescript Il KS Amp" Stratagene
pRK415 Tet" broad-host-range plasmid 13
pRK2013 Kan" helper 6
pHP45 Spe¢ Amp" 22
pSUP202 Amp" Cm" Tet", suicide plasmid 27
pDL5 R. capsulatus thyXn pGEM-T Easy This study
pDL7 3.5-kb Pstl fragment withthyX::Spe¢ allele in pSUP202 This study
pDL9 1.6-kb Notl-Bglll fragment with thyX gene in pBluescript II KS This study
pDL11 1.4-kb Pstl fragment with R. capsulatus thy>gene in pRK415 This study
pDL12 1.7-kb Spel-EcoRI fragment with R. sphaeroides thyAnd folA in pRK415 This study
pDL14 1.4-kb Xbal-EcoRI fragment with R. sphaeroides thyAn pRK415 This study
Oligonucleotides
ORF311-A 5-ATGTCGCTTACCCCAGACC This study
ORF311-B 5-ACCCCACTCCTCCACAAACT This study
ORF311-C 5-CATGCGGTAGGCGGTATAG This study
ORF311-E 5-AATCTCCAAGCGTTTGCTTC This study
OLI-SPEC 5-CTCGGTTTTCTGGAAGGCGA This study
THYA-DR-A 5 -CACAACTCCTGGGGATCAAG This study
THYA-DR-B 5-GACCTGCATGTTGTCCCTTC This study

orientation was veri ed by restriction analyses. The construct was digested with
Notl and Bglll, and a 1.6-kb fragment containing theR. capsulatus thyXjene was
ligated into the Notl and BamHI sites of pBluescript Il KS  (Stratagene) to
generate pDL9 (Table 1). A 2-kb BamHI fragment containing an Sni-Spec¢
resistance cartridge from pHP45 (22) was inserted into the unique BamH] site
of pDL9 in order to interrupt the R. capsulatus thyXjene. A 3.5-kb Pstl fragment
of the plasmid obtained was subsequently ligated into the suicide vector
pSUP202, yielding pDL7.

pDL7, carrying the R. capsulatus thyXSpe¢ allele, is not capable of replica-
tion in Rhodobactesstrains. This plasmid was transferred intdR. capsulatustrain
MT1131 (Rif" Tet® Spec¢) from Escherichia coliS17-1 (Rif) by diparental con-
jugation as described previously (4). As inactivation ofthyX was expected to
result in thymidine auxotrophy, transconjugants were selected for spectinomycin
resistance on enriched MPYE solid medium containing thymidine and rifampin
added as described above. A total of 235 Spécolonies were screened for
tetracycline resistance (single recombination) or sensitivity (double recombina-
tion). Fourteen tetracycline-sensitive clones, corresponding t&6% of the total
number of transconjugants, were maintained. The expected chromosomal loca-
tion of the spectinomycin resistance cartridge and the absence of théhyX
wild-type gene in strain DL1 were con rmed by PCR using primers ORF311-A,
ORF311-B, and OLI-SPEC (Fig. 2).

The pDL11 vector carrying the wild-type allele ofR. capsulatus thyXORF311)
(Fig. 2) was obtained by insertion of a 1.4-kb Pstl fragment from pDL9 into the
low-copy-number vector pRK415 at the unique Pstl site (Table 1). In
Rhodobacter sphaeroides, thyA and folA genes form a gene cluster on the
chromosome, which allows simultaneous cloning of them. Th&. sphaeroides
thyA and folA genes were ampli ed using primers THYA-DR-A and THYA-
DR-B. The 1.7-kb DNA fragment obtained was inserted into pGEM-T Easy
(Promega), and its orientation was con rmed by restriction analyses. The con-
struct was digested with Spel and EcoRl, and a 1.7-kb fragment containing both
the thyA and folA genes was ligated into the Xbal and EcoRI sites of pRK415,

yielding pDL12. The pDL14 vector carrying only R. sphaeroides thyAvas ob-
tained using primers THYA-DR-A and THYA-DR-B. The pRK415 derivatives
pDL11, pDL12, and pDL14 were transferred by triparental conjugation fromE.
coli HB101 (Rif9) into R. capsulatuDL1 (Rif ") with the helper plasmid pRK2013
carrying the RK2 transfer genes (6). Tet transconjugants were selected on
enriched MPYE medium plates in the presence of added thymidine and
rifampin.

In vivo labeling of chromosomal DNA with [5,6-*H]uracil. Isotope labeling
experiments withR. capsulatusells were performed using MPYE liquid medium
containing [5,6-*H]uracil (49.0 Ci/mmol; Amersham Biosciences). Radioactively
labeled DNA was isolated from early-stationary-phase cultures using cesium
chloride gradients. Prior to centrifugation, the refraction indices of the cesium
chloride gradients were adjusted to 1.3980, corresponding to a density of 1.6850
g/ml. Uracil incorporated into RNA was not detected, as the gradients under the
conditions described separate RNA and DNA.

Dialyzed DNA was hydrolyzed to free nucleobases by boiling it in 50 mM
perchloric acid for 1 h. Samples were neutralized with potassium hydroxide, and
the free nucleobases were separated by high-performance liquid chromatography
(Beckman Gold system) using reverse-phase chromatography (Ultrasphere oc-
tyldecyl silane; column dimensions, 4.6 mm by 25 cm). Isocratic elution was
performed using 10 mM potassium phosphate buffer (pH 4) at a ow rate of 1
ml/min. Isotope incorporation into deoxycytidine (dC) and deoxythymine (dT)
was monitored by using an online radioactive ow detector (LabLogic -RAM)
with FlowLogic SafeScint scintillation liquid. The identities of the radioactive
peaks were con rmed by simultaneous monitoring of known nucleobase stan-
dards. Data analyses were performed using Laura Light 3 software from Lab-
Logic.

Mathematical model of bacterial folate metabolism. We have estimated that
the intracellular concentration of the total folate pool in Bacteriais approxi-
mately 50 M (17). The general model of Nijhout et al. (21) for mammalian
hepatic folate metabolism was modi ed to make it more appropriate for bacte-
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FIG. 2. Physical maps of the chromosomal regions carrying théhyX gene ofR. capsulatus, as well as of the different plasmids used in this work.
(A) ORF310, ORF312, and ORF313 are putative genes aroundR. capsulatus thyXORF311). (B) Disruption of R. capsulatus thy>y insertion
of an Sni-Spe¢ cartridge. The resistance cartridge inserted at the unique BamH] site is transcribed in the direction opposite that dhyX. (C to

E) Schematic representation of plasmids used in the complementation studies, including the approximate locations of the primers used in cloning

(see Table 1). Note thatR. sphaeroides thyAnd folA form a gene cluster and are likely translationally coupled (not shown)R. sph,R. sphaeroides;

R. caps,R. capsulatus; S/X, Spel/Xbal hybrid site.

ria. This involved adding several reactions and modifying the kinetic parameters
of many of the enzymes involved. The values used for simulations are included
in the supplemental material. The reaction scheme that we modeled is shown in
Fig. 1 (which shows the features relevant for thymidylate metabolism). We have
added a pathway, catalyzed by ThyX, that converts CJTHF to THF. We have
also added an additional pathway from DHF to THF catalyzed by dihydropteri-
dine reductase and/or FolM. It was demonstrated that these enzymes have been
shown to possess DHFR activity inThermus thermophilug28) and E. coli (8),
respectively, and are believed to be an alternative pathway from DHF to THF in
other bacteria as well. The available data indicate that the catalytic ef ciencies of
these alternative enzymes with DHFR activity are relatively low (8, 28), as their
reported V. values appear to correspond to approximately to 10 to 25% of the
Vmax Values measured for a number of bacterial FolA proteins (see the supple-
mental material). Our earlier in vitro measurements suggested that the dTMP-
forming activity of ThyX proteins is signi cantly less than that of ThyA proteins.
Also shown in Fig. 1 is the glycine cleavage system (modeled as the glycine
decarboxylation reaction), since it exists in some bacteria but not in the cytosol
of eukaryotic cells. We removed the nonenzymatic conversion of THF to
CH,THF from the bacterial model of folate metabolism. Formylmethionyl
tRNA ™et js essential for initiation of protein synthesis in bacterial systems but
not in eukaryotic systems and cannot be provided exogenously. Consequently, we
added a new substrate, 5-formyltetrahydrofolate, and the reactions that inter-
convert it with 10-formyltetrahydrofolate and methylenetetrahydrofolate. These
reactions are catalyzed by the multifunctional FolD protein in bacteria (3). All of

these enzymes are assumed to have Michaelis-Menten kinetics. Kinetic constants
used in simulations were collected from the BRENDA database (http://www
.brenda.uni-koeln.de/).

RESULTS

In silico analysis of the genome sequence dR. capsulatus
SB1003.Strains with thyA or thyX deleted are expected to be
either nonviable or thymidine auxotrophic, depending on
whether they also carry thetdk gene coding for thymidine
kinase, which is required for salvage of extracellular thymidine.
Consequently, studies on the in vivo functions of avin-depen-
dent thymidylate synthase X are facilitated by the use of strains
that contain tdk in addition to thyX. Using manual similarity
searches and the pedant database (http://pedant.gsf.de/) to ac-
cess the genome sequence &. capsulatusSB1003, we identi-
ed several bacterial and archaeal species that apparently con-
tain thyX and tdk genes, andR. capsulatusis one of these
species. Importantly,thyA and folA were not found in the R.
capsulatusgenome sequence. Genetic tools allowing efcient
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TABLE 2. Growth phenotypes of R. capsulatusstrains used in this work

Growth in: Doubling time (min) with ®:
Strain Genotype MPYE medium Minimal Minimal medium No 50 g/ml 100 g/ml
thymidine medium MA MA  thymidine CH,THF CH,THF CH,THF
MT1131 thyX (wild type) 122 180 225
DL1 thyX::Spe¢ NM € NM NM
DL1/pDL7 thyX /thyX::Spe¢ NM NM NM
DL1/pDL12 thyA folA /thyX::Spet 133 198 371
DL1/pDL14 thyA /thyX::Spe¢ 287 325 346

2 Growth phenotypes of the strains were scored after 2 days (MPYE medium plates) or 3 days (minimal medium MA plates) of incubation at 35°C. Similar results

were obtained under respiratory and photosynthetic growth conditions.
 Doubling times were determined using MPYE medium.
°NM, not measured.

9 Some growth without formation of individual colonies was visible after extended incubation.

manipulation of Rhodobacteispecies have been developed (15,
18). Interestingly, in the closely related specieR. sphaeroides
thyA and folA are present, whereaghyX is absent. Therefore,
R. capsulatusis an excellent organism for heterologous
complementation studies designed to understand the in vivo
role(s) of ThyX proteins.

Inactivation of R. capsulatus thyXesults in thymidine aux-
otrophy. To inactivate R. capsulatus thyX, we inserted an Sm
Spec antibiotic resistance cartridge into the unique BamHI
site of this gene as described in Materials and Methods (Fig.
2). The R. capsulatus thyX::Spécallele obtained was trans-
ferred by diparental conjugation into R. capsulatusMT1131.
Spectinomycin-resistant transconjugants were selected on en-
riched MPYE medium containing thymidine in the presence of
rifampin to eliminate the E. coli donor strain. The absence of
a wild-type thyX copy in the retained tetracycline-sensitive
strain was conrmed by PCR. Phenotypic testing of the
thyX::Spec€ strain obtained, designated DL1, indicated that it
grew on enriched MPYE or minimal medium plates supple-
mented with 1 g/ml thymidine (Table 2), whereas in the
absence of thymidine, growth was not detected. The observed
thymidine auxotrophy did not result from polar effects due to
insertion of the Sn’-Spe¢ cartridge into the chromosomalthyX
gene, as thethyX::Spe€ strain after complementation in trans
by R. capsulatus thyXad a doubling time similar to that of the
parental strain MT1131 (Table 2). These genetic data provide
the rst direct indication of the in vivo function of ThyX
proteins in de novo synthesis of dTMP.

Nonorthologous functional replacement ofthyXby R. spha-
eroides thyAr thyAand folA genes.Heterologous complemen-
tation tests have shown thatE. coli thyA can be functionally
replaced bythyX genes from a variety of sources (9, 11, 20, 29).
To investigate whether the reciprocal nonorthologous replace-
ment is possible, we constructed transferable plasmids carrying
either the R. sphaeroides thy4gene alone (pDL14) or the R.
sphaeroides thyAnd folA genes (pDL12) (Fig. 2). pDL12 and
pDL14 were transferred independently into R. capsulatus
thyX::Spe¢ strain DL1 by triparental conjugation. On solid
medium, only the strain complemented by plasmid pDL12
(carrying R. sphaeroides thyAand folA) formed colonies in a
thymidine-independent manner (Table 2), whereas no growth
was observed in the presence of pDL14 carrying only théhyA
gene. This observation indicates thathyA alone cannot ef-
ciently replaceR. capsulatus thyXand that both thyA and folA

are necessary for full functional complementation of athyX
defect under these conditions.

To quantitatively address the level of functional complemen-
tation, the doubling times for the strains described above were
measured using liquid cultures in minimal medium MA and
MA containing thymidine (50 g/ml). In the presence of thy-
midine, the doubling times of all strains were essentially iden-
tical to that of the wild-type strain. In agreement with pheno-
typic observations on solid minimal medium, MT1131 and
DL1/pDL12 had similar doubling times (103 and 108 min,
respectively), whereas the negative control strain DL1/pRK415
was unable to grow under these conditions (Table 2). Strain
DL1/pDL14, which grew only very poorly on solid minimal
medium (Table 2), had a doubling time of 310 min in liquid
minimal medium, a value approximately three times higher
than the value measured for the wild-type strain. The slow
growth in the presence of ThyA but in the absence of FolA
presumably shows that reduced folate derivatives are ex-
hausted during the exponential growth and that the oxidized
forms produced, like DHF, are not efciently regenerated.
This results in a substantial decrease in the growth rate and cell
yield (Fig. 3). During the later stages of growth, another activ-
ity could replenish the folate pool at a low rate in the latter
strain. Altogether, these observations indicate that the absence

FIG. 3. Semilogarithmic growth curves for strains MT1131thyX ),
DL1/pDL12 (thyX/thyA folA ), DL1/pDL14 (thyX/thyA ), and DL1/
pRK415 (thyX) on minimal medium MA without thymidine. OD g3,
optical density at 630 nm.
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FIG. 4. Incorporation of tritium from [5,6- *H]uracil into dC and dT of
DL1/pDL12 (thyX::Spec/thyA folA ), DL1/pDL14 (thyX:Speét/thyA ),
and DL1/pRK415/DL1 (thyX). Elution positions of dC and dT separated
by isocratic high-performance liquid chromatography are indicated by
arrows. Peak areas were quanti ed using Laura Light software and were
normalized using the total DNA quantity.

of FolA limits cellular growth when ThyA is used for thymi-
dylate synthesis.

FolA and ThyA are functionally coupled during thymidylate
synthesis. To extend the results of the genetic complementa-
tion studies described above, we investigated wheth&. cap-
sulatusstrain DL1 is indeed unable to synthesize thymidylate
de novo. To this end, R. capsulatuschromosomal DNA was
radioactively labeled with [5,6H]uracil and subsequently hy-
drolyzed by boiling in perchloric acid. The use of [5,6*H]uracil
results in labeling of dC at positions 5 and 6 of the pyrimidine
ring and in labeling of dT at position 6 (the label from position
5 is lost during ThyX/ThyA catalysis). Free nuclecbases were
separated by high-pressure liquid chromatography using iso-
cratic elution.

The negative control strain DL1/pRK415 produced only one
peak corresponding to dC, whereas the same strain carrying
pDL12 was able to synthesize de novo both dC (peak at 4 min)
and dT (peak at 11 min) (Fig. 4). An intermediate result was

J. BACTERIOL .

obtained for the DL1/pDL14 strain carrying only R. spha-
eroides thy/on the plasmid. Although the latter strain was able
to synthesize dT, its thymidylate synthesis capability was re-
duced by 70% compared to that of DL1/pDL12 (Fig. 4), as
indicated by quantitative analyses that were normalized using
the total DNA quantity.

Extracellular THF and CH ,THF inhibit the growth of R.
capsulatus.Some bacteria, like Lactobacillus casei(26) and
cyanobacteria (14), actively transport folates, raising the pos-
sibility that the growth defect that we observed forR. capsu-
latusDL1/pDL14 (thyA::Spec/thyA ) could be rescued by add-
ing various folates to the growth medium. To test this
hypothesis, we cultivated this strain in the presence of THF.
We observed that, instead of restoring growth as we expected,
addition of THF resulted in marked growth inhibition of this
strain (Fig. 5). This phenotype could indicate either that strain
DL1/pDL14 (thyA::Spec/thyA ) is specically inhibited by
THF or, alternatively, that the observed phenotype is a char-
acteristic feature of all R. capsulatusstrains, including the wild
type. Consequently, we cultivated the various strains used in
this work in the presence and absence of various folates (Fig.
5). Strikingly, we found that addition of THF and CH,THF
markedly inhibited, in a dose-dependent manner, the growth
of all strains used. In this respect it noteworthy that inEukarya
extracellular folate compounds inhibit the folate-dependent
enzymes through product inhibition (23).

Figure 5 also shows that the inhibitory effect of CH,THF on
the growth of all R. capsulatusstrains (including the wild type)
was particularly pronounced, prompting us to measure the
doubling times of these strains in the presence of 50 and 100
g/ml of CH ,THF (Table 2). The results obtained indicate
that addition of CH ,THF signi cantly increases the doubling
times of the strains used. In addition to the product inhibition,
increased CH,THF levels could speci cally reverse the reac-
tion catalyzed by serine hydroxymethyltransferase shown in
Fig. 1 (25). The observed growth defect was transient, as pro-
longed cultivation even in the presence of 100g/ml of

FIG. 5. Growth inhibition of R. capsulatudy folate derivatives. Growth was scored after 12 h of incubation in MPYE media to which various
folate derivatives were added at concentrations of 20, 50, and 10@/ml. Gray bars, strain MT1131 (thyX ); open bars, strain DL1/pDL12
(thyX::Speé/thyA folA ); black bars, strain DL1/pDL14 (thyX::Speé/thyA ).
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FIG. 6. (A) Effects of variation in the activity of FolA (DHFR) on
selected steady-state concentrations of folate compounds in bacteria
containing only ThyA. The model indicates that the decrease in the
V,ax Of FOIA results in depletion of the THF pool in the cell. CH2-
THF, methylenetetrahydrofolate. (B) Rate of thymidylate synthesis
(for ThyA and ThyX) as a function of the FolA reaction rate. The
graph also indicates that the dihydropteridine reductase (DHPR) rate
is expected to be independent of the FolA rate. The simulations pre-
dicted that the relatively high ThyA activity renders the thymidylate
synthesis activity dependent on FolA, even in the presence of ThyX.
For these simulation results the model assumed that FolA and ThyA
are upregulated, thus representing a rapidly dividing cell. (C) Effect of
variation in the intracellular folate concentration on the activity of
enzymes involved in folate metabolism. The model indicates that an
increase in the folate pool results in inhibition of several enzymes, such
as ThyA, FolA, and ThyX.

CH,THF eventually resulted in growth similar to that observed
in the absence of this compound (data not shown).
Mathematical modeling of thymidylate metabolism in Bac-
teria. The experimental results indicated that in thymidylate
synthase ThyA-containing bacteria, which account for approx-
imately two-thirds of the microbial species whose complete
genome sequences are known, DHFR FolA is a key determi-
nant of folate-dependent metabolic pathways (Fig. 1). Without
efcient DHFR activity, ThyA catalysis would result in deple-
tion of the THF pool in rapidly growing bacteria. Evidence for
this can be seen in the simulation results shown in Fig. 6. For
bacteria containing ThyA and FolA, the simulation shows that
a decrease in theV,,,, of FOIA leads to a situation where the
steady-state concentration of THF decreases progressively
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(Fig. 6A). In agreement with this notion, recent isotope ratio-
based pro ling studies of E. coli folate pools in trimethoprim-
treated cells have revealed decreased THF levels and increased
DHF (or more oxidized compound) levels in comparison to the
levels in nontreated cultures (17). Consequently, when the
level of FolA activity is low, the intracellular concentration of
the ThyA substrate CH,THF declines rapidly to a very low
level, resulting in a decreased rate of the ThyA reaction. This
predicts that when FolA activity is inhibited, alternative ways
to reduce DHF (8, 28) are not ef cient enough to take on the
DHF production in fast-growing ThyA-containing bacteria,
explaining why these bacteria are highly sensitive to tri-
methoprim, a speci ¢ inhibitor of bacterial FolA. The mathe-
matical simulation model also predicts that aV,,,, of FolA of
at least 120 M/h is necessary to support maximal thymidylate
synthesis activity in bacteria containing ThyA and FolA (sim-
ulation not shown). The presence of ThyX and the absence of
ThyA render the “DHF trap” nonfunctional, as ThyX proteins
do not catalyze the net oxidation of folate molecules (Fig. 1).
Low levels of DHFR activity could be enough to maintain the
total folate pool sufciently reduced to ensure correct ThyX-
dependent DNA replication. Genome analyses also show that
approximately 10% of bacterial species contain avin-depen-
dent thymidylate synthase ThyX and FolA. As our results in-
dicate that thymidylate synthesis in ThyX-containing organ-
isms is essentially FolA independent and cells are resistant to
trimethoprim (data not shown), the predicted function of FolA
in the latter subset of organisms is to increase the intracellular
concentration of reduced folate derivatives for other folate-
dependent pathways in RNA and protein metabolism.

Interestingly, the model also shows that in bacterial systems
with ThyX, ThyA, and FolA (approximately 5% of bacterial
systems, including those oMycobacteriumspecies), DNA syn-
thesis is still dependent on FolA, and consequently, the cells
are sensitive to FolA inhibitors (Fig. 6B). In this case, the
“DHF trap” would reduce the intracellular concentration of
the ThyX substrate, CH,THF, to a very low level (Fig. 6B) that
would be insufcient to sustain a high rate of ThyX-driven
dTMP synthesis. In support of this prediction, we have ob-
served thatE. coli wild-type cells overexpressing ThyX proteins
in transare still sensitive to trimethoprim (data not shown). It
is noteworthy that according to this model, folate concentra-
tions cannot be maintained at a high level as this would result
in growth inhibition (Table 2 and Fig. 6C).

In slowly growing bacteria, if FolA is absent (but ThyA and
ThyX are both present), the “DHF trap” does not necessarily
exist; in this case, alternative enzymes catalyzing THF forma-
tion, like E. coli FolM (8) or T. thermophilusdihydropteridine
reductase (DH+,) (28), could convert enough DHF to THF to
keep the remainder of the folate cycle operating at near-nor-
mal rates (simulations not shown). This situation could natu-
rally occur in some slowly growing bacteria, for instance,
Crocosphaera watson{doubling time, 35 h) and Dehalococcoides
species (doubling time, 19 h), which contain ThyA and ThyA/
ThyX, respectively, but appear to lack FolA and Tdk.

DISCUSSION

In agreement with earlier biochemical and heterologous
complementation studies, our studies have proven that avin-
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dependent ThyX proteins play an important cellular role in de

novo thymidylate synthesis. We demonstrate here that the ge-

netic complementation of an R. capsulatus thyX::Spécstrain
requires not only thyA but also folA. We also show that the
absence offolA in athyA strain results in a decrease in dTMP
production, resulting in a DNA replication defect. This is pre-
sumably due to the fact that the DHF resulting from ThyA

catalysis is not reduced at a sufciently high rate by alternative
folate reductases that must be present in ThyX-containing spe-

cies, includingR. capsulatug19). We also show that the addition
of THF and particularly CH ,THF can markedly inhibit bacterial
growth. To our knowledge, this growth inhibition, presumably
resulting from product inhibition of the folate-dependent

enzymes (Fig. 5 and 6C), has not been previously described.

Our mathematical model predicts that inthyX strains even
a low dihydrofolate-reducing activity is sufcient for thymidyl-

ate synthesis. This suggests that different oxidoreductases be-
longing to a large family of short-chain alcohol dehydrogenases

that have been described as suppressors fiflA, like FolM (8)

and DH+, (28), could act as promiscuous DHFRs. These en-
zymes possess trimethoprim-insensitive DHFR activity in vitro

and can complementfolA defects in E. coli when they are

overexpressed from high-copy-number plasmids. We detected
at least 19 sequences showing sequence similarity to genes

encoding FolM and/or DH, in the R. capsulatusand R. spha-

eroidesgenome sequences. Although we have not investigated
the possible physiological roles of any of these dehydrogenases

in bacterial folate metabolism, our experiments indicate that
the alternative pathways for formation of reduced folates are
not suf cient for the recycling of oxidized folates formed by R.
sphaeroide§ hyA in the absence of FolA activity during DNA

replication. Note also that we cannot exclude the possibility

that additional novel enzymes with THF-forming activities
have not been discovered yet.
As ThyA proteins perform the only currently known cellular

reaction catalyzing the net oxidation of THF, these enzymes

function as a critical determinant of reduced folate levels. In
this respect, mycobacteria that contain boththyA and thyX

genes provide a particularly interesting case. Systematic trans-

poson mutagenesis oMycobacterium bovi8CG has indicated

that thyX encodes essential functions even in the presence of

thyA, whereas the accumulation of mutations in thehyA gene

represents a mechanism of developing resistance to drugs tar-

geting folate metabolism (24). Our simulations also predict
that the presence ofthyXin mycobacteria provides a molecular
basis for resistance for antifolates targeting FolA. It is also
noteworthy that the availability of distinct redox cofactors re-
quired by ThyA and ThyX proteins might differ during the
different stages of DNA replication, suggesting additional dif-
ferences in the coordination of cellular metabolism inthyA-
and thyX-containing species.

In conclusion, our results demonstrated that ThyX proteins

are required for de novo thymidylate synthesis. The thymidyl-
ate synthase ThyA and some enzymes involved in folate
metabolism, like DHFRs and dihydropteroate synthases, are
well-characterized therapeutic targets in anticancer and anti-

microbial treatments (16). The essential role of the thymidyl-

ate synthase ThyX in bacterial survival and the presence of this

protein in several pathogens therefore offer an attractive op-
portunity to design novel antibacterial drugs.

J. BACTERIOL .
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SUPPLEMENTAL DATA

Kinetic parameter values used in the model

(Kmin pM, Vmax in pM/hr)

Parameter Literature Model Reference ' | Organism
DHFR
K, DHE 0.97 1.0 (16) Escherichia coli
KmsNADPH 2.52 2.5 (16) Escherichia coli
Vmax 500
ThyA
Kmsdumpe 1.1-1.2 1.0 (4,11, 13) Escherichia coli
Km,5,lO—CH2—THF 8.1-10 10 (11, 13) Escherichia coli
Vmax 2250
ThyX
K cat 0.35 (8) PBCV-1
Kmydump 15 15 (8) PBCV-1
Km.5.10-CH2-THF 20 20 (8) PBCV-1
Vmax 1200
KmNADPH 40 (8) PBCV-1
DHFS - specific activity 0.535 Escherichia coli
Km dihydropteroate 0.6
FolM - specific activity (Vmax) 0.083 (7) Escherichia coli
DHPR - specific activity 5.2 (20) Thermus
Vmax 225 thermophilus
Km DHF 0.5
Km NADPH 4.0
MTCH (positive direction is from
5,10-CH=THF to 10f-THF)
Km,5,1OCH=THF 80 80 (14) Methy|0bacter|
um extorquens
Spec activity 5,5 2) Escherichia coli
Vmax 48000
PGT
Km.10t-THE 77.5-84.8 | 80 (10) Escherichia coli
Km.cARP 8-12.2 10 (10) Escherichia coli
Spec activity 11.6 (20) Escherichia coli
Vmax 4000
AICART
Km,10t-THE 5.9
Km,AICARP 50
Vimax 10000

L |f the reference is not indicated, the values where collected from BRENDA database.




FTDF

Kmiot-THE 49 50 (12) Escherichia coli
Spec Activity 0.174 (12) Escherichia coli
Vmax 3000
SHMT (positive direction is from
THF to 5,10-CH,-THF)
Km.ser 150-300 300 (5, 15) Escherichia coli
Km.THE 15-80 50 (5, 15) Escherichia coli
Spec Activity 13.6 (15) Escherichia coli
Vmax 6000
MS
Kms5mTHE 30-60 50 (17, 18) Escherichia coli
KinsHey 16-69 50 (18, 21) Escherichia coli
Spec Activity 3.8 (6) Escherichia coli
5000
MTD (5,10-CH2-THF  5,10-
CH=THF)
Spec Activity 200 (2) Escherichia coli
Vmax 100000
Km,5,10-CH2-THF 26-45 30 (1, 3) Streptococcus
faecium;Salmo
nella
thyphimurium
Km,NADP+ 21-92 (1, 3) Streptococcus
faecium;Salmo
nella
thyphimurium
MTHFR (5,10-CH2-THF
5mTHF)
Km,5,lO—CH2—THF 0.5-3.9 50 (9, 19) Escherichia coli
Km.NADH 17-20 50 (9, 19) Escherichia coli
Vmax 15
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