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ABSTRACT Chlamydia trachomatis lacks the canonical genes required for the biosyn-
thesis of p-aminobenzoate (pABA), a component of essential folate cofactors. Previous
studies revealed a single gene from C. trachomatis, the CT610 gene, that rescues Esche-
richia coli ApabA, ApabB, and ApabC mutants, which are otherwise auxotrophic for
pABA. CT610 shares low sequence similarity to nonheme diiron oxygenases, and the
previously solved crystal structure revealed a diiron active site. Genetic studies ruled out
several potential substrates for CT610-dependent pABA biosynthesis, including choris-
mate and other shikimate pathway intermediates, leaving the actual precursor(s) un-
known. Here, we supplied isotopically labeled potential precursors to E. coli ApabA cells
expressing CT610 and found that the aromatic portion of tyrosine was highly incorpo-
rated into pABA, indicating that tyrosine is a precursor for CT610-dependent pABA bio-
synthesis. Additionally, in vitro enzymatic experiments revealed that purified CT610 ex-
hibits low pABA synthesis activity under aerobic conditions in the absence of tyrosine or
other potential substrates, where only the addition of a reducing agent such as dithio-
threitol appears to stimulate pABA production. Furthermore, site-directed mutagenesis
studies revealed that two conserved active site tyrosine residues are essential for the
PABA synthesis reaction in vitro. Thus, the current data are most consistent with CT610
being a unique self-sacrificing enzyme that utilizes its own active site tyrosine residue(s)
for pABA biosynthesis in a reaction that requires O, and a reduced diiron cofactor.

IMPORTANCE Chlamydia trachomatis is the most reported sexually transmitted infec-
tion in the United States and the leading cause of infectious blindness worldwide. Unlike
many other intracellular pathogens that have undergone reductive evolution, C. tracho-
matis is capable of de novo biosynthesis of the essential cofactor tetrahydrofolate
using a noncanonical pathway. Here, we identify the biosynthetic precursor to the
p-aminobenzoate (pABA) portion of folate in a process that requires the CT610 enzyme
from C. trachomatis. We further provide evidence that CT610 is a self-sacrificing or “sui-
cide” enzyme that uses its own amino acid residue(s) as the substrate for pABA synthe-
sis. This work provides the foundation for future investigation of this chlamydial pABA
synthase, which could lead to new therapeutic strategies for C. trachomatis infections.

KEYWORDS Chlamydia, folate biosynthesis, oxygenases, p-aminobenzoate, pABA,
suicide enzyme

olates are tripartite molecules consisting of a pteridine ring, p-aminobenzoate
(pABA), and glutamate residues. The fully reduced tetrahydrofolate (H,folate) mol-
ecule is the active cofactor, in which one-carbon units of various oxidation states are
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FIG 1 Shikimate pathway leading to the biosynthesis of the following tetrahydrofolate and aromatic amino acids
with corresponding gene names in E. coli: 3-deoxy-p-arabino-heptulosonate-7-phosphate synthase (aroF, aroG, and
aroH), dehydroquinate synthase (aroB), 3-dehydroquinate dehydratase (aroD), shikimate dehydrogenase (aroE),
shikimate kinase (aroL), 5-enolpyruvylshikimate 3-phosphate synthase (aroA), chorismate synthase (aroC), choris-
mate mutase/prephenate dehydratase (pheA and tyrA), transaminases (tyrB, aspC, and ilvE), chorismate lyase (ubiC),
ADC synthase (pabA and pabB), ADC lyase (pabC), GTP cyclohydrolase (folE), dihydroneopterin triphosphate
pyrophosphohydrolase (folQ), dihydroneopterin aldolase (folB), 6-hydroxymethyl-7,8-dihydropterin pyrophospho-
kinase (folK), dihydropteroate synthase (folP). PEP, phosphoenolpyruvate; CoQ, coenzyme Q. Dotted arrows

represent multiple steps.

attached to the N-5 and/or N-10 positions for use in central metabolic pathways
required for DNA and amino acid biosynthesis (1). Most bacteria and plants synthesize
H,folate de novo (2, 3). In the canonical H,folate biosynthetic pathway (Fig. 1), the
pteridine portion of the cofactor is derived from GTP in four well-characterized reac-
tions catalyzed by the FolEQBK enzymes, while pABA is synthesized from chorismate
through the action of two enzymes, aminodeoxychorismate (ADC) synthase (PabA/
PabB) and ADC lyase (PabC) (Fig. 1, red). The pteridine ring and pABA are then
combined to generate dihydropteroate, which is subsequently glutamylated and re-
duced to produce the final H,folate (Fig. 1).
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Chlamydia trachomatis is an obligate intracellular bacterial pathogen that is reliant
on its host for many essential nutrients, including several metabolic precursors and
some cofactors (4). However, C. trachomatis has retained the ability to synthesize
H,folate de novo and is sensitive to antibiotics targeting the H,folate biosynthetic
pathway (5). Analysis of the C. trachomatis genome revealed a H,folate biosynthetic
gene cluster; however, several canonical H,folate biosynthetic genes are not present
(6). These missing genes include those encoding the first two enzymes required for the
conversion of GTP to the pteridine portion of folate (FolE and FolQ), the enzyme
responsible for the addition of y-linked glutamate residues (FolC), and the enzymes
required for pABA biosynthesis from chorismate (PabA/PabB and PabC) (Fig. 1) (6, 7).
Genetic and enzymatic experiments have demonstrated that C. trachomatis employs
RibA (GTP cyclohydrolase Il) and TrpF (N’-5'-phosphoribosylanthranilate isomerase) to
bypass FolE and FolQ in order to generate 7,8-dihydroneopterin monophosphate (8),
while an archaeal y-glutamyl ligase was shown to functionally replace FolC (6). Finally,
a single gene present in the C. trachomatis H,folate biosynthetic gene cluster, the
CT610 gene, was found to complement E. coli mutants with deletions of pabA, pabB, or
pabC, indicating that the encoded enzyme is responsible for pABA biosynthesis in C.
trachomatis (8). Interestingly, CT610 could still complement E. coli AaroA mutants that
cannot synthesize chorismate, demonstrating that chorismate is not the substrate for
CT610. Further complementation studies showed that the upstream shikimate pathway
intermediates shikimate and 3-dehydroquinate (Fig. 1) are also not precursors for
CT610-dependent pABA biosynthesis (8).

In addition to C. trachomatis and other species of Chlamydia, a few other bacteria,
including Lactobacillus fermentum IFO 3956 and Nitrosomonas europaea NBRC 14298,
are missing pabA, pabB, and pabC, even though they have other genes required for
H,folate biosynthesis and are not folate auxotrophs (9-12). The CT610 ortholog from N.
europaea, NE1434, has been shown to complement a pABA-auxotrophic E. coli mutant
(ApabABC) (13). Similarly to studies with CT610, E. coli shikimate pathway knockout
mutants were generated in the ApabABC background, and all were able to grow in
minimal medium when they were complemented with NE1434 (13). These studies
demonstrated that none of the intermediates in the shikimate pathway could be
precursors in this alternate route for pABA biosynthesis, except for possibly 3-deoxy-
p-arabinoheptulosonate-7-phosphate (Fig. 1). Thus, the precursor for this novel route
for pABA biosynthesis remains unknown.

CT610 and its orthologs were previously or still are annotated as PqqC or PqqC-like;
CT610 shares 18% identity and 26% similarity with PqqC from Klebsiella pneumoniae
(14). PqqC is a cofactor-independent oxidase that catalyzes an 8-electron oxidation and
ring closure in the final step of coenzyme pyrroloquinoline quinone (PQQ) biosynthesis
(15). However, C. trachomatis and other organisms with orthologs to CT610 are not
known to use PQQ and do not have the other genes required for PQQ biosynthesis.
Interestingly, CT610 was originally identified as a death domain-containing protein
based upon sequence similarity and was demonstrated to function in modulating host
cell apoptosis during C. trachomatis infection by interacting with the death domains of
necrosis factor family receptors (16). Thus, CT610 was named Chlamydia protein
associating with death domains (CADD) (16). However, when the crystal structure of
CT610 was obtained (17), it did not contain the expected death domain structure and
instead revealed overall structural similarity to PqqC (18) and human heme-oxygenase
(19), with a diiron active site similar to the hydroxylase component of soluble methane
monooxygenase (20) as well as to the B subunit of class la ribonucleotide reductase
(21, 22).

In this study, we further explore the role of CT610 in the unusual route for pABA
biosynthesis by performing isotope feeding studies with CT610 expressed in E. coli
ApabA cells and through in vitro enzyme assays coupled with site-directed mutagenesis
experiments.
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FIG 2 Complementation studies of E. coli ApabA with CT610 in the presence or absence of oxygen. The
inability of CT610 to complement the pABA auxotroph under anaerobic conditions indicates that CT610
requires oxygen for pABA production.

RESULTS

Analysis of CT610-dependent pABA production in E. coli ApabA. CT610 from C.
trachomatis has been shown to rescue E. coli strains with deletions of pabA, pabB, or
pabC (8), indicating that CT610 alone can complete pABA biosynthesis using an
unknown precursor. To confirm this activity and serve as a starting point for further
studies, we investigated the E. coli ApabA mutant (VDC9500) (8) transformed with a
pUC19 plasmid encoding CT610 (E. coli ApabA-CT610). The E. coli ApabA mutant
normally requires the addition of pABA when grown on minimal medium, but when
CT610 is provided, the cells can grow without supplemental pABA, confirming the
involvement of CT610 in pABA biosynthesis (Fig. 2, left). Based upon the established
structural similarity of the CT610 active site to enzymes that utilize molecular oxygen
as a substrate, such as methane monooxygenase and class la ribonucleotide reductase
(17), we reasoned that CT610-dependent pABA production would require the presence
of O,. Therefore, we cultured E. coli ApabA-CT610 anaerobically in minimal medium
lacking pABA compared to E. coli ApabA with pABA supplemented. The anaerobic
culture supplemented with pABA showed growth as expected, while in the anaerobic
culture lacking pABA but containing CT610, no growth was observed (Fig. 2, right). This
result suggests that CT610 requires O, for pABA production.

To verify the presence of pABA in E. coli ApabA-CT610 cells, we originally attempted
to identify this compound by liquid chromatography-mass spectrometry (LC-MS) as
well as by gas chromatography-mass spectrometry using a trifluoroacetyl-methyl ester
derivative. We were not successful at consistently observing pABA in cell extracts,
presumably because of its low concentration as a free metabolite. Thus, a more reliable
method was desired, especially for future isotope labeling experiments. Since the
majority of pABA in cells is present as a component of complete folate cofactors, we
isolated and partially purified folates from the E. coli cells. After enzymatic treatment of
cell extracts to yield monoglutamylated folate derivatives, the resulting folates were
purified on an anion exchange resin, and then reductively cleaved with zinc to yield
glutamyl-pABA (Fig. 3A). The zinc cleavage was performed to isolate the pABA-
containing moiety from the remainder of the folate cofactor, thus making subsequent
isotope incorporation experiments easier to interpret. Glutamyl-pABA was indeed
present in the E. coli ApabA-CT610 cells based on comparison of the LC retention time
(Fig. 3B) and the tandem mass spectrometry (MS-MS) spectrum (Fig. 3C) to authentic
glutamyl-pABA and glutamyl-pABA isolated from control E. coli cells that biosynthesize
pABA via the canonical route. The ion at 265 m/z corresponds to the [M — H]~
molecular ion of glutamyl-pABA.
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FIG 3 Generation of glutamyl-pABA from folates and its analysis by LC-MS. (A) Zinc cleavage of folates extracted from E. coli cells to produce glutamyl-pABA.
(B) Total ion current chromatogram of partially purified glutamyl-pABA (9.6 min) from E. coli ApabA-CT610 cell extracts; (C) the corresponding MS/MS spectrum
of glutamyl-pABA showing the [M — H]~ molecular ion and several characteristic fragment ions.

Isotope feeding experiments to determine the biosynthetic precursor of CT610-
derived pABA. It was previously shown that chorismate or shikimate pathway inter-
mediates were not direct precursors to pABA in the CT610-dependent route (8, 13). This
was determined by investigating the ability of CT610 to rescue E. coli shikimate
pathway deletion strains, which had to be cultured with added aromatic amino acids
and p-hydroxybenzoate (pHB) (Fig. 1, green). Therefore, we hypothesized that L-tyrosine
(Fig. 1, blue) or pHB could be potential precursors for CT610-dependent pABA biosyn-
thesis. These substrates were previously tested with the purified CT610 ortholog from
N. europaea without any observed activity (13); however, we reasoned that these in
vitro experiments may have been missing a required reaction component and/or were
carried out under suboptimal conditions.

To test whether tyrosine and/or pHB were precursors to pABA in the CT610-
dependent pathway, we supplemented the E. coli ApabA-CT610 cultures grown in
minimal medium with either p-[3,5-2H,]HB or 1-[3,5-2H,]tyrosine, where each of the
labeled compounds contain two deuteriums on the aromatic ring. Percent incorpora-
tion of each isotopically labeled precursor was determined using the isotopic distribu-
tion of glutamyl-pABA from cells without any added precursors as a baseline (Fig. 4A).
In cultures supplemented with p-[3,5-2H,]HB, about 15% of the isolated glutamyl-pABA
contained two deuteriums (Fig. 4B). This is based on the increased intensity of the
[M — H + 2]~ ion at 267 m/z. When cultured under the same conditions in minimal
medium, control E. coli cells with the canonical pABA biosynthetic pathway did not
incorporate any deuterium from p-[3,5-2H,]HB into glutamyl-pABA as expected. This
indicates that the CT610-dependent route can use pHB as a precursor to pABA.
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FIG 4 Incorporation of isotopically labeled precursors into glutamyl-pABA produced in E. coli ApabA-CT610. Shown are enhanced-
resolution mass spectra of glutamyl-pABA when grown in minimal medium in the absence of isotopically labeled precursors (A),
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supplemented with p-[3,5-2H,]pHB (B), supplemented with L-[3,5-2H,]tyrosine (C), or supplemented with ['>N]tyrosine (D).

When L-[3,5-2H,]tyrosine was supplied, about 40% of the glutamyl-pABA contained
two deuteriums (Fig. 4C), while control cells did not incorporate any of the deuterium-
labeled tyrosine into pABA. Since an equivalent amount of unlabeled tyrosine was also
provided to the cultures in these experiments, the 40% incorporation of L-[3,5-
2H,]tyrosine into pABA in the cells containing CT610 is quite significant. This provides
strong evidence that tyrosine acts as the precursor to pABA in the CT610-dependent
route. To determine if the amino group on pABA was also derived from tyrosine, we
cultured the E. coli ApabA_CT610 cells in the presence of L-['>N]tyrosine. Based on the
increase in the [M — H + 1]~ ion at 266, we found that 12% of the glutamyl-pABA
derived from these cells contained >N (Fig. 4D). However, when control E. coli cells
containing the canonical pathway for pABA biosynthesis were grown with [">N]ty-
rosine, about 14% of the glutamyl-pABA contained '>N. Based on these results, the
incorporation observed is likely due to transamination reactions occurring in the cells
and does not indicate that the amino group on pABA is derived from tyrosine.

In vitro enzymatic activity experiments. To further investigate the pABA synthesis
reaction catalyzed by CT610, the enzyme was overexpressed with an N-terminal His;,
tag from pET19b and purified using nickel affinity chromatography (see Fig. S1 in the
supplemental material). Enzyme reactions were carried out under various conditions
and were analyzed by high-performance liquid chromatography (HPLC) with UV-visible
(UV-Vis) detection and/or by LC-MS with a multiple reaction monitoring (VRM) method
for sensitive and specific detection of pABA. Interestingly, pABA was observed in
reaction mixtures containing CT610 in the absence of any added substrates, where only
dithiothreitol (DTT) was necessary to stimulate pABA production (Fig. 5). Other reducing
agents such as 2-mercaptoethanol and sodium dithionite with methyl viologen also
resulted in some pABA synthesis, but these alternative electron donors resulted in
significantly less activity compared to that with DTT. The reducing agent in the CT610
reaction is presumably necessary for the reduction of the diiron cofactor to produce the
active diferrous state for subsequent O, activation (23, 24).
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FIG 5 LC-MS analysis of pABA production by purified CT610. (A) Extracted ion current chromatograms;
(B) corresponding calculated concentration of pABA produced in a 0.5-ml reaction mixture. All traces are
extracted ion current chromatograms from a multiple reaction monitoring MS method with three
pairs—138.1 and 120.4, 138.1 and 94.4, 138.1 and 77.3—to specifically identify pABA, where each trace
is the combined intensity of all three pairs. Quantitation was performed using the pABA peak area with
the standard curve shown in Fig. S3 in the supplemental material (***, P < 0.001; ****, P < 0.0001; paired
t tests versus CT610 only; n = 3). Error bars represent standard deviations. Reactions were carried out in
triplicate at 37°C for 14h in 100 mM Tris, 8mM MgCl,, and 10% glycerol (pH 8.8). The reaction
components were present when indicated at the following concentrations: CT610 (130 wM), dithiothre-
itol (DTT, 10 mM), L-tyrosine (1 mM), p-hydroxybenzoate (pHB; 1 mM), and p-hydroxyphenylpyruvate
(pHPP; 0.5 mM).

The LC-MS peak from the CT610 reactions exhibited the expected [M + H]*
molecular ion at 138.1 m/z, a fragment ion at 120.4 m/z corresponding to a
characteristic dehydration product, as well as two additional characteristic fragment
ions at 94.4 m/z and 77.3 m/z, all with the expected ratio of intensities observed
with a pABA standard. When analyzed by HPLC with UV-Vis detection, the pABA
peak from CT610 reactions also displayed the expected absorbance spectrum (see
Fig. S2 in the supplemental material). Surprisingly, the addition of L-tyrosine or pHB did
not increase pABA production by CT610 (Fig. 5), indicating these are not CT610
substrates. We considered that perhaps p-hydroxyphenylpyruvate (pHPP) (Fig. 1), the
transamination product of tyrosine, could instead be the CT610 substrate. But still, no
increase in activity was observed when pHPP was included in CT610 reactions (Fig. 5).

The amount of pABA produced by CT610 in in vitro reactions is very low, with only
about 0.4 uM resulting from reaction mixtures containing 130 uM CT610 and 10 mM
DTT (Fig. 5). Iron quantitation revealed that purified CT610 contained about 0.2 mol of
iron per mol of protein. Since each monomer should presumably contain a diiron
cofactor, this indicates that at most 10% of the purified protein contained the complete
cofactor. Additionally, a major portion of the purified enzyme may only contain a single
iron atom. Unfortunately, adding Fe(ll) to purified CT610 did not improve activity (see
Fig. S4 in the supplemental material) and, surprisingly, it appeared to decrease pABA
production. Additionally, protease cleavage of the His tag before activity assays did not
result in increased pABA production (see Fig. S5 in the supplemental material). We also
tested multiple possible amino group donors and potential cofactors or cosubstrates
(see Materials and Methods), but did not observe any significant effect on the amount
of pABA generated. Notably, reactions with NADH and NADPH did not produce
increased activity compared to that with DTT alone (see Fig. S6 in the supplemental
material).

To confirm the requirement for O, in the CT610 reaction, the purified enzyme was
deoxygenated by gentle stirring in an anaerobic chamber for several hours and then
assayed in the presence of DTT and L-tyrosine. Only a very minor peak for pABA was
detected, corresponding to less than 10% of the pABA present in an aerobic positive-
control reaction (see Fig. S7 in the supplemental material), further supporting CT610
requiring O, for the pABA synthesis reaction. Taken together, the in vitro results are
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FIG 6 Active site of CT610 with residues coordinating the diiron cofactor and potential residues required for pABA
production highlighted. Iron atoms are shown as orange spheres. Image generated in PyMOL Molecular Graphics

System (version 2.0) using PDB accession number TRCW (17).

consistent with CT610 being an unusual self-sacrificing enzyme that produces pABA by
utilizing an active-site tyrosine residue as a substrate in a reaction that is dependent on
a reduced diiron cofactor and O, as a cosubstrate.

Site-directed mutagenesis studies. Our analysis of the previously reported CT610
crystal structure (17) revealed five tyrosine residues that could potentially act as the
sacrificial substrate for pABA production (Fig. 6). Additionally, positioned near Y27 and
Y43 is a lysine residue, K152, which we hypothesized could be the necessary amino
group donor in the pABA synthesis reaction (Fig. 6). Importantly, all three of these
residues are conserved in the CT610 ortholog from N. europaea (see Fig. S8 in the
supplemental material). To determine the involvement of the active site tyrosine
residues and K152 in pABA synthesis, we utilized site-directed mutagenesis followed by
in vitro assays in the presence of DTT, L-tyrosine, and O,. Intriguingly, pABA was not
detected in reactions with the Y27F and Y43F variants, while Y47F, Y141F, and Y170F
exhibited activity comparable that of to the wild-type enzyme (Fig. 7). Additionally,
converting K152 to an arginine nearly completely abolished pABA production, where
the K152R variant exhibited only about 2% of the activity of the wild type (Fig. 7). Thus,
Y27 and Y43 are essential for pABA synthesis by CT610, and one or both of these
residues may be the precursor to pABA in the proposed self-sacrificing reaction. The
data also indicate that K152 is critical for catalysis, which is consistent with its possible
function as an internal amino group donor.

DISCUSSION

In the established route for folate biosynthesis, pABA is synthesized from chorismate
in two enzymatic steps (Fig. 1, red). However, C. trachomatis is missing the pabABC
genes required for pABA biosynthesis via this route. Previous work demonstrated that
a single gene from C. trachomatis, the CT610 gene, can replace the functions of these
three genes normally involved in pABA biosynthesis, but the precursor is not choris-
mate or other shikimate pathway intermediates (8). In this study, we further explored
this CT610-dependent route for pABA biosynthesis with isotope feeding studies in E.
coli and with purified CT610.

When shikimate pathway genes are deleted in E. coli, the mutants require supple-
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FIG 7 Relative activity of CT610 variants compared to that of the wild type. The activity was determined
by the same in vitro enzymatic assay analyzed by LC-MS described and depicted in Fig. 5 (ns, no
significant difference compared to wild type; ****, P < 0.0001; n = 3). Error bars represent standard
deviations.

mentation with aromatic amino acids as well as pHB for coenzyme Q (CoQ) synthesis
(Fig. 1). Since CT610-dependent pABA synthesis was demonstrated to still occur in
shikimate pathway deletion strains, it seemed plausible that the precursor for pABA in
the CT610-dependent route was one of these supplemented aromatic compounds.
When p-[3,5-2H,]HB was provided to cultures of E. coli ApabA-CT610, we saw low
but detectable incorporation of the label into the aromatic portion of pABA, and
when 1-[3,5-2H,]tyrosine was provided, we observed substantial incorporation of the
label into pABA (Fig. 4). We therefore inferred that L-tyrosine was the substrate for
CT610 with pHB as a possible intermediate in the reaction. Growth studies with E. coli
ApabA-CT610 and subsequent in vitro enzyme assays showed that the CT610-
dependent route for pABA biosynthesis requires O, (Fig. 2; also see Fig. S7 in the
supplemental material). Further, purified CT610 was shown to generate pABA in a
reaction that requires a reducing agent but does not require added L-tyrosine or other
potential substrates (Fig. 5). This led us to the proposal that a tyrosine residue in the
CT610 active site serves as the precursor to pABA in a reaction that requires O, and a
reduced diiron cofactor. Although unusual, self-sacrificing or “suicide” mechanisms
have been described in eukaryotic thiamine biosynthesis, in which a cysteine residue is
used as a sulfur source to produce the thiazole ring in the reaction catalyzed by THI4
(25), and a histidine residue is a precursor to the pyrimidine portion of thiamine in the
THI5-catalyzed reaction (26). Additionally, nickel pincer cofactor biosynthesis involves a
cysteine residue as a sulfur donor (27). Most recently, a suicide enzyme was character-
ized in biotin biosynthesis that utilizes a lysine residue as a sacrificial amino donor (28).

Despite the sequence and overall structural similarity of CT610 to PqqC, the active
sites of the two proteins are not conserved (17), consistent with the fact that Chlamydia
does not synthesize PQQ and that the two enzymes must catalyze different reactions.
Instead, the CT610 active site resembles the diiron active sites present in the B (R2)
subunits of class la ribonucleotide reductase (RNR) as well as in methane monooxy-
genase hydroxylase (MMOH). In RNR catalysis, the B subunit generates a diferric-tyrosyl
radical cofactor in the presence of O, and reducing equivalents (29, 30). This radical is
transferred via proton coupled electron transfer through several amino acid residues to
produce a tyrosyl radical that is eventually transferred to a cysteine residue in the « (R1)
subunit, generating the catalytic thiyl radical (30, 31). The thiyl radical then initiates
catalysis for the eventual generation of a deoxynucleotide product catalyzed by RNR
(29-31). On the other hand, MMOH uses the diiron center to activate O, in order to
hydroxylate methane and a variety of other hydrocarbon substrates using a complex
radical recombination process. Both iron ions begin in the ferrous state before reacting
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FIG 8 Proposed reaction scheme catalyzed by CT610. Dotted arrows represent multiple chemical steps analogous

to the reaction catalyzed by soluble methane monooxygenase.

with oxygen to generate the reactive intermediate, bis-u-oxo-iron(IV), known as com-
pound Q, which abstracts a hydrogen atom to initiate the radical sequence that results
in a hydroxylated product (32, 33). More recently described diiron monooxygenases
involved in natural product biosynthesis utilize a diiron active site and O, to carry out
comparable but distinct catalytic cycles (34). We propose that related chemistry is
occurring in the CT610 active site to generate a pHB intermediate from a tyrosine
residue. In our proposed reaction scheme (Fig. 8), a monooxygenase reaction first
activates a tyrosine residue by hydroxylating the CB position. The side chain of the
residue is subsequently released from the protein backbone via cleavage of the Ca-Cj3
bond initiated by base catalysis to form p-hydroxybenzaldehyde (Fig. 8b), leaving a
glycine in place of the original tyrosine residue. Another monooxygenase hydroxylation
then generates pHB (Fig. 8c). Amination could occur on the quinone form, which is then
dehydrated and finally rearranged to produce the final pABA (Fig. 8e to g).

The identity of the specific tyrosine residue potentially serving as a precursor to
pABA in the proposed reaction scheme was probed in this work using site-directed
mutagenesis followed by in vitro assays. Interestingly, the Y27F and Y43F variants were
inactive, while converting the other three tyrosine residues in the active site to
phenylalanines did not significantly affect pABA production (Fig. 7). Notably, the result
that Y170 is not required for activity (Fig. 7) does not support the hypothesis by
Schwarzenbacher et al. that Y170 forms a catalytic tyrosyl radical (17), unless Y170 is
involved in an additional activity outside pABA synthesis. The residues corresponding
to Y27 and Y43 are conserved in the CT610 ortholog from N. europaea (Fig. S8); thus,
taken together with the mutagenesis data, one or both of these tyrosine residues may
be the precursor to pABA. Since the distance between the diiron site and Y27/Y43 is
measured to be about 13 A based on the crystal structure (17), a radical transfer chain
may be required similar to that of class | RNRs. Interestingly, upon further examination
of the crystal structure, a probable covalent link is observed between the OH of Y43 and
an aromatic carbon (CE1) of Y47, which supports the suggestion of radical transfer
occurring in the CT610 active site. Along with the mutagenesis data, this further
suggests that Y43 may be the direct radical source for hydrogen abstraction from the
B carbon of Y27 for subsequent hydroxylation and eventual conversion to pABA (Fig. 8).
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If this were the case, the hydroxylation chemistry would not directly involve the
oxo-iron cofactor.

The proposed suicide mechanism will inherently result in low enzyme activity, since
the protein is a cosubstrate rather than a true enzyme and is left in an inactive state
after a single turnover. However, the CT610 activity in our in vitro reactions is exceed-
ingly low; the amount of pABA produced is only about 0.3% of the enzyme concen-
tration. This indicates that the majority of isolated enzyme is in an inactive form and/or
a required activator or cosubstrate is missing. The possible covalent link observed in the
crystal structure between Y43 and Y47 described above may partially explain the low
in vitro activity of CT610, in which this species may be an inactive side product.
Additionally, the amount of bound iron to purified CT610 indicates that no more than
~10% of the protein contained a complete diiron cofactor and, unfortunately, adding
Fe(ll) to CT610 enzyme reactions did not increase pABA production (Fig. S4). Schwar-
zenbacher et al. also reported that the diiron active site was not fully occupied during
their analysis of crystal structure data (17). Thus, future work should focus on improving
iron incorporation and retention, which may entail altering expression and purification
conditions, expressing in a different host or coexpression with potential cofactor
assembly proteins, using different purification tags, and/or developing in vitro recon-
stitution methods. Another complication with the CT610 reaction that is expected to be
a major contributor to the low in vitro activity is that a separate reductase enzyme is
likely required to supply the reducing equivalents for the reaction. The enzyme
reactions reported here contained DTT as a reducing agent, which was previously
reported to be capable of activating RNR to produce the tyrosyl radical (24). This use of
DTT as a chemical reductant to produce the reduced diiron cluster is expected to be
inefficient; thus, future work will be required to identify and characterize the putative
reductase likely required to activate CT610. Finally, a possible alternative to our
proposed suicide mechanism that could also partially explain the results reported here
as well as the low in vitro activity is that the enzyme copurifies with a minor amount of
its requisite small-molecule substrate(s) that can be converted to pABA in the presence
of O, and DTT.

The second part of the proposed CT610 reaction involves the conversion of a phenol
to an aniline (Fig. 8d to g). This reaction has been demonstrated to occur in metha-
nopterin (folate analog in methanogenic archaea) biosynthesis, where aspartate is the
amino group donor in a proposed reaction sequence requiring activation by ATP and
the action of two enzymes (35). The CT610 reaction does not appear to be stimulated
by the addition of ATP and/or aspartate in vitro; however, it is possible that another
enzyme present in C. trachomatis and E. coli assists in the reaction in vivo. The
mutagenesis studies described here indicate that K152 is important for catalysis since
the K152R variant resulted in dramatically decreased pABA production (Fig. 7). Since the
addition of several potential external amino group donors did not increase pABA produc-
tion in vitro (see Materials and Methods), K152 may act as an internal amino group donor,
similarly to the role of an active site lysine in the BioU suicide reaction required for biotin
biosynthesis in cyanobacteria (28). Alternatively, K152 may instead or additionally have a
more traditional role as a general acid/base during CT610 catalysis.

CT610-catalyzed pABA production can finally be compared to the biogenesis of
tyrosine-derived quinone cofactors, where enzymes such as copper amine oxidases
utilize Cu(ll) and O, to autocatalytically synthesize their requisite cofactor from an
active site tyrosine residue (36). Although the individual proposed reaction steps
catalyzed by this novel pABA synthase have biochemical precedent, the entirety of the
reaction that must occur to go from a tyrosine residue to pABA is quite remarkable. This
work provides the foundation for future mechanistic studies of this interesting and
important suicide enzyme required for folate biosynthesis in Chlamydia.

MATERIALS AND METHODS

Chemicals. L-Tyrosine ("N, 98%) was obtained from Cambridge Isotope Laboratories. L-[3,5-
2H,]tyrosine and p-[3,5-2H,]hydroxybenzoate were prepared by exchange in the presence of 2H,0 and
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2H,S0, as previously described (37). All other chemicals and reagents were purchased from typical
suppliers.

Culture conditions for feeding and complementation experiments. A single colony of E. coli
BW25113 ApabA::kan (VDC9500) (8) transformed with pAJM95 (pUC19::CT610) (8) from an LB agar plate
was used to inoculate 5 ml of LB broth supplemented with 50 pg/ml kanamycin and 100 wg/ml ampicillin
and grown overnight at 37°C with shaking at 300 rpm. A volume (1 ml) of the culture was pelleted by
centrifugation, cells were washed with M9 medium and centrifuged again, and the remaining pellet was
used to inoculate 100 mI M9 medium containing 2% glucose, 50 uM FeCl,;, 50 ug/ml kanamycin,
100 pg/ml ampicillin, and 1% arabinose. When p-[3,5-2H,]hydroxybenzoate was provided, it was added
at a concentration of 0.6 mg/ml. When the cells were grown in the presence of L-[3,5-2H,]-tyrosine or
L-["*N]tyrosine, they were added at a concentration of 0.6 mg/ml in addition to 0.6 mg/ml of unlabeled
tyrosine, phenylalanine, and tryptophan. The aromatic amino acids were added to minimize aromatic
amino acid biosynthesis and increase potential incorporation of the labeled tyrosine. Since unlabeled
tyrosine was also added, the highest incorporation of L-[3,5-2H,]tyrosine or L-['°N]tyrosine expected was
50%. The cells were grown at 37°C with shaking for 18 h, harvested by centrifugation, and stored at
—20°C. For anaerobic growth, minimal medium was supplemented with sodium nitrate (20 mM) as an
electron acceptor, and tubes containing 5 ml medium were sparged with anaerobic nitrogen gas for 1 h.
After inoculation, these anaerobic cultures were incubated at 37°C with shaking (200 rpm) for 48 h.

Cell extraction and partial purification of glutamyl-pABA. Pelleted cells were resuspended in 2 ml
50% methanol and incubated at 100°C for 10 min. After centrifugation to remove insoluble debris, the
supernatant was evaporated down to ~300 ul with a stream of nitrogen gas. This solution was adjusted
to a pH of ~5 with 15 ul 0.5 M HCI, and 200 ul of rat plasma (Pel-Freez Biologicals) was added to
deglutamate the folylpolyglutamates to folate (38). After incubation at 37°C overnight, the sample was
applied to a DEAE-Sephadex A-25 column (2 by 10 mm) equilibrated with water. The column was
washed with water and the folates were eluted with 2 M ammonium bicarbonate. The ammonium
bicarbonate was removed by evaporation under a stream of nitrogen gas, and the sample was dissolved
in 1.2 ml 1 M HCl. Zinc dust (5 mg) was added, and the sample was shaken at room temperature for 1 h.
After centrifugation to remove excess zinc dust, the supernatant was evaporated to dryness and
resuspended in 150 ul of water for LC-MS analysis of glutamyl-pABA.

LC-MS analysis for in vivo isotope incorporation. An AB Sciex 3200 QTrap mass spectrometer
attached to an Agilent 1200 series liquid chromatograph with a Kromasil 100-5-C,4 column (4.6 by
250 mm) was used for the identification and isotopic analysis of glutamyl-pABA. Solvent A was 25 mM
ammonium acetate, and solvent B was methanol. The flow rate was set at 0.7 ml/min, and the elution
profile consisted of a 3-min wash at 100% A, followed by a 15-min linear gradient to 65% B. The injection
volume was 15 ul. Under these conditions, glutamyl-pABA eluted at 9.6 min. MS and MS-MS data were
acquired in negative enhanced resolution (ER) and enhanced product ion (EPI) mode with electrospray
ionization set at —4,500 V at a temperature of 400°C. The curtain gas was set at 35, and ion source gas
1 and ion source gas 2 were 60 and 50, respectively. Analyst software (Applied Biosystems/MDS Sciex)
was used for system operation and data processing.

Overexpression and purification of CT610. The CT610 gene in pET19b was originally obtained
from Anthony Maurelli (University of Florida). Two constructs were obtained, one containing CT610 with
an ATG start site from the STDgen prediction and the other containing CT610 with an ATG start site
based on proteomics/mass spectrometry data that is 15 nucleotides downstream (8). Upon sequencing,
both constructs contained errors (an insertion and a point mutation) that we repaired using the Phusion
site-directed mutagenesis kit (Thermo Fisher Scientific) according to the manufacturer’s protocols. In our
hands, the construct with the proteomics predicted start codon expressed better and was more stable
during purification. Thus, the reported in vitro data herein are from CT610 expressed with the down-
stream proteomics predicted start codon. Both versions of CT610 with either the proteomics- or the
genomics-predicted start codon were previously shown to rescue E. coli pABA auxotrophs (8).

For overexpression and purification of CT610 containing an N-terminal histidine tag, a single colony
of E. coli BL21 cells transformed with CT610_pET19b from an LB agar plate was used to inoculate 10 ml
of LB broth supplemented with 100 ug/ml ampicillin and grown overnight at 37°C with shaking at
250 rpm. The entire overnight culture was used to inoculate 1 liter LB broth with 100 wg/ml ampicillin
and was incubated at 37°C with shaking at 250 rpm until the optical density at 600 nm (ODg,) reached
~0.7. Expression of CT610 was induced upon addition of 0.5 mM isopropyl-B-p-thiogalactopyranoside
(IPTG), and the cells were cultured for an additional 4 h at 37°C before being harvested by centrifugation
and stored at —20°C.

A routine purification was from 2 liters of culture resulting in a cell pellet of ~6 g. The pellet was
thawed and resuspended in 15 ml 50 mM sodium phosphate, 300 MM sodium chloride, and 20 mM
imidazole (pH 7.4) (buffer A). The cells were sonicated on ice and then centrifuged (15,000 rpm for
30 min) to remove insoluble cell debris. The lysate was applied to an equilibrated gravity flow column (1
by 5 cm, ~2 ml of resin) of Ni-nitrilotriacetic acid (Ni-NTA) metal affinity resin (Prometheus), washed with
10 ml buffer A followed by 6 ml of buffer A with 100 mM imidazole. The desired protein was eluted with
6 ml of buffer A containing 250 mM imidazole and collected in three 2-ml fractions. After concentrating
to 2.5ml using an Amicon centrifuge concentrator (10-kDa cutoff, 15 ml; EMD Millipore), CT610 was
exchanged into 100 mM Tris, 8 mM MgCl,, and 10% glycerol (pH 8.8) using a PD-10 desalting column (GE
Healthcare). The final purified protein (3.5 ml, ~200 uM) was flash frozen in liquid nitrogen and stored
at —80°C. Protein concentrations were determined by the Bradford method (39) with bovine serum
albumin as a standard. The amount of iron bound to purified CT610 was determined using previously
described methods (40).
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In vitro enzyme assays. The purified protein from above was thawed at room temperature and
enzyme assays were performed using similar conditions reported in early work on ribonucleotide
reductase (24). A typical reaction (500 wl) was carried out in 100 mM Tris, 8 MM MgCl,, and 10% glycerol
(pH 8.8) and contained one or more of the following components: 130 uM CT610, 10 MM DTT, 1 mM
L-tyrosine, 1 mM pHB, and/or 0.5 mM pHPP. Additional potential reaction components added in attempts
to increase activity included ferrous ammonium sulfate (100 M and 1 mM), ammonium chloride (1 mM),
glutamate (1 mM), glutamine (1 mM), aspartate (1 mM), ATP (1 mM), pyridoxal phosphate (100 uM),
NADH (1 mM), NADPH (1 mM), and flavin adenine dinucleotide (FAD) (1 mM). Enzyme reaction mixtures
were incubated at 37°C for ~14 h and then precipitated with 50% CH;CN. The sample was centrifuged
at high speed, and the resulting supernatant was concentrated under vacuum to 100 ul before analysis
by HPLC and/or LC-MS.

LC-MS analysis of in vitro CT610 reactions. An AB Sciex 3200 QTrap mass spectrometer attached
to an Agilent 1200 series liquid chromatograph with a Phenomenex Kinetex Polar C,4 column (4.6 by
150 mm) was used with solvent A as 0.1% formic acid in water and solvent B as 100% methanol. The LC
program consisted of 2min at 100% A and an 18-min linear gradient to 50% B at a flow rate of
0.6 ml/min. The injection volume was 15 wul. The MS method was a multiple reaction-monitoring method
scanning three pairs: 138.1 and 120.4, 138.1 and 94.4, and 138.1 and 77.3. Electrospray ionization was set
at 4,500 V with a temperature of 400°C. The curtain gas was 35, ion source gas 1 was 50, ion source gas
2 was 40, and the collision energy was 30 V. Analyst software (Applied Biosystems/MDS Sciex) was used
for system operation and data processing.

UV-Vis analysis of pABA produced in CT610 reactions. CT610 reactions were also analyzed with
an Agilent 1100 series high-performance liquid chromatograph equipped with a diode array detector
and a Kromasil 100-5-C,4 column (4.6 by 250 mm; Sigma). Solvent A was 0.1% formic acid in water, and
solvent B was 100% methanol. The column was equilibrated with 95% A and the program consisted of
2 min at 95% A followed by a 10 min linear gradient to 50% B. The injection volume was 50 ul. Under
these conditions, pABA eluted at 10.2 min. The low sensitivity of UV-Vis compared to MS detection made
this method less useful, but it was employed to obtain the UV-Vis spectrum in Fig. S2 in the supplemental
material, which, along with the MS data, confirms the identity of pABA produced in CT610 reactions.

Site-directed mutagenesis. The Phusion site-directed mutagenesis kit (Thermo Fisher Scientific) was
used to generate all CT610 mutants according to the manufacturer’s instructions. The primers are listed
in Table S1 in the supplemental material. Sequences were verified by Sanger sequencing at the Virginia
Tech Genomics Sequencing Center. The resulting CT610 variants were expressed and purified in the
same manner as described for the wild-type enzyme. The in vitro assays were carried out in triplicate
(from the same protein purification) with 130 uM protein, 10 mM DTT, and 1 mM L-tyrosine in 100 mM
Tris, 8 mM MgCl,, and 10% glycerol (pH 8.8).

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 2.4 MB.
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