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The Fe(II) and a-ketoglutarate-dependent hydroxylase FrbJ was

previously demonstrated to utilize FR-900098 synthesizing a

second phosphonate FR-33289. Here we assessed its ability to

hydroxylate other possible substrates, generating a library of

potential antimalarial compounds. Through a series of bioassays

and in vitro experiments, we identified two new antimalarials.

The gene frbJ was identified during the cloning and sequencing

of the biosynthetic gene cluster for the phosphonate antibiotic

FR-900098 from Streptomyces rubellomurinus.1 The enzyme is

homologous to Fe(II) and a-ketoglutarate (aKG)-dependent

hydroxylases, which catalyze substrate hydroxylation with

concomitant oxidative decomposition of aKG to succinate

and carbon dioxide.2 Enzymes within this family play a pivotal

role in a diverse set of reactions, including antibiotic synthesis

where they generate pathway precursors, intermediates, and

final products.3,4 For example, clavaminate synthase (CAS)

catalyzes three independent oxidative reactions in the bio-

synthesis of clavulanic acid.5 Interestingly, another enzyme

from this family has demonstrated epoxidase activity in the

semisynthetic pathway for the phosphonate antibiotic fosfo-

mycin. The enzyme encoded by epoA from Penicillium decumbens

converts the substrate cis-propenylphosphonic acid to the final

product fosfomycin.6 Although the natural function of this

enzyme in the native host is unknown, the epoxidase activity

signifies the broad range of functions of Fe(II) and aKG-

dependent enzymes.

Deletion studies of frbJ within the heterologous hosts

Streptomyces lividans and Escherichia coli indicated that the

enzyme was not required for FR-900098 biosynthesis, leading

to some uncertainty as to its function.1,7 It was originally

postulated that FrbJ might be responsible for the N-hydroxy-

lation step; however, catalysis of this nature by this class

of enzyme would have been exceedingly rare. Fe(II) and

aKG-dependent enzymes can efficiently catalyze the hydro-

xylation of inactivated C–H bonds, so we investigated whether

FrbJ might be involved in the synthesis of another phosphonate

antibiotic FR-33289 ((R)-2-hydroxy-3-(N-acetyl-N-hydroxy-

amino)propylphosphonic acid).8,9 Production of this compound

was observed in both the native producer S. rubellomurinus

producer strain and a heterologous S. lividans 4G7 host. We

have recently shown that FrbJ is indeed capable of catalyzing

the hydroxylation of FR-900098 at the b-position (Fig. 1).7

This study focused on the expression, purification, and further

biochemical characterization of FrbJ and the determination

of its role in FR-900098 biosynthesis. We also demonstrated

its ability to catalyze the hydroxylation of additional substrates

as part of the creation of a new library of potential antimalarial

drugs, all of which were screened for inhibitory activity against

a malarial drug target.

The full-length frbJ gene was cloned from fosmid 4G7.7

E. coli BL21(DE3) cells were transformed with this construct

and IPTG-induced cultures were purified to homogeneity. As

previously described, the final steps in the pathway contain a

series of intermediates conjugated to the nucleotide cytidine-

50-monophosphate (CMP).7 If hydroxylation by FrbJ were to

occur before cleavage of the CMP by FrbI, CMP-50-FR-

900098 could serve as the true substrate for the enzyme. FrbJ

showed activity towards the natural substrate FR-900098 but

not the nucleotide containing substrate, indicating that nucleotide

cleavage must occur before hydroxylation in the biosynthetic

pathway (Table 1). We also checked for enzymatic activity

with another known phosphonate antibiotic, fosmidomycin

(FR-31564). This substrate contains an N-formyl group instead

of the N-acetyl group on FR-900098. FrbJ demonstrated activity

Fig. 1 FrbJ catalyzes the hydroxylation of FR-900098 to FR-33289

with concomitant oxidative decomposition of aKG to succinate and

carbon dioxide.
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towards this structurally similar substrate, but displayed a

6-fold preference for the natural substrate. As a result of

fosmidomycin hydroxylation by FrbJ, a novel phosphonate was

able to be synthesized, (R)-2-hydroxy-3-(N-formyl-N-hydroxy-

amino)propylphosphonic acid, hereby called hydroxyfosmido-

mycin. To the best of our knowledge, this compound has never

been detected from a biological source or produced synthetically.

Heterologous production of FR-33289 in E. coli was

attempted by expressing all of the genes in the biosynthetic

cluster, excluding frbI (pETDuet-frbABCD, pRSFDuet-

frbHFG, pACYCDuet-frbEJ-dxrB). Although FR-900098

production was evident in the LC-MS analysis, no detectable

amounts of FR-33289 were detected. Cell-free lysate of E. coli

strains that only expressed FrbJ was incubated with FR-900098.

The lysate only demonstrated conversion to FR-33289 upon

addition of exogenous a-ketoglutarate, suggesting that FrbJ

may be regulated by the intracellular concentration of this

cofactor, thus preventing in vivo production in E. coli.

The biosynthesis of secondary metabolites can be effectively

regulated via the availability of precursors, cofactors, and

cellular energy originating from primary metabolism. Rate-

limiting enzymes control the flux of these critical metabolites

to ensure that secondary metabolism does not become favored

over primary metabolism. Khetan et al. described the function

of lysine-6-aminotransferase (LAT), which was determined to

be the rate-limiting enzyme in cephamycin biosynthesis from

Streptomyces clavuligerus.10 This enzyme, which utilizes aKG

as a cofactor in the conversion of lysine to a-aminoadipic acid,

is the first step in the biosynthetic pathway. The authors mea-

sured the KM for aKG to be 8.6 mM, substantially higher than

its intracellular concentration ranging from 0.3–1.3 mM.10

The KM value for LAT is also higher than that of other

characterized Fe(II) and aKG-dependent hydroxylases, which

is typically on the order of 10s of micromolar.11–13 In the same

way that LAT regulates the cephamycin biosynthetic pathway,

FrbJ may regulate the ratio of the two phosphonates FR-900098

and FR-33289 using a-ketoglutarate. The KM of aKG for the

oxidation of FR-900098 by FrbJ was determined to be 1.3 �
0.19 mM, comparable to the high KM of LAT and close to the

value of the intracellular level of aKG. One crucial difference

between the two pathways is that the entire cephamycin

biosynthesis can be regulated by the intracellular concentration

of aKG since LAT is the first enzyme in the pathway, making

the high KM of the enzyme ideal for switching the biosynthesis

of cephamycin entirely on or off. The lower KM of FrbJ is a

much weaker control valve, which can regulate the conversion

of FR-900098 to FR-33289.

The dianionic charge of phosphonates at physiological pH

poses problems for their efficacy; in particular, they suffer from

poor bioavailability as a result of their high polarity. The oral

bioavailability of FR-900098 and fosmidomycin is moderate

with a resorption rate of approximately 30%.14 Recent efforts

have focused on masking the charged moiety of the phosphonate

group through esterification. Such chemically synthesized

prodrugs cross the gastrointestinal tract into the blood stream

with higher efficiency, where they are cleaved by broad speci-

ficity plasma esterases, thus releasing the free and active

phosphonate.15–17 We sought a method for the preparation

of similar esterified FR-900098 prodrugs through biosynthetic

means. The gene cluster for dehydrophos from Streptomyces

luridus contains an S-adenosyl-L-methionine (SAM)-dependent

O-methyltransferase encoded by dhpI.18 DhpI has very low

substrate specificity,19 and is able to O-methylate the phos-

phonate of a wide range of substrates, making it an excellent

candidate for further engineering.

As shown in Table 1, FrbJ is capable of catalyzing the

hydroxylation of FR-900098 and fosmidomycin to produce

FR-33289 and hydroxyfosmidomycin, respectively. These four

phosphonates were used as the basis for the creation of a

prospective antimalarial library; each was methylated by DhpI

(Fig. 2). FR-900098 and fosmidomycin were commercially

available and the subsequent six compounds were synthesized

by in vitro reactions with purified FrbJ, DhpI, and Pfs. The

phosphonate library was then purified to remove any unreacted

substrate or cofactors. Although not identical to the di-ester

prodrugs prepared by chemical synthesis, these methylated

compounds may enhance the bioavailability of the final active

phosphonate drugs.

The library was first screened by bioassays of an E. coli

phosphonate uptake strain.1 Bioassay plates of this FR-

900098-sensitive strain showed clear inhibition zones around

discs impregnated with FR-900098, FR-33289, fosmidomycin,

and hydroxyfosmidomycin; all of which were lost with a

resistant E. coli strain. However, there was no detectable

Table 1 Kinetic parameters of FrbJ

Substrate
kcat (min�1)
(mean�SD)

KM (mM)
(mean�SD)

kcat/KM

(mM�1 min�1)

FR-900098 147 � 31 289 � 48 509
Fosmidomycin 57.3 � 8.1 700 � 137 81.9
CMP-50-FR-900098 NR

NR: no reaction detected; SD: standard deviation.

Fig. 2 Prospective antimalarial library created using FrbJ and DhpI

(with Pfs). Due to the low substrate specificity of DhpI, hydroxylation

by FrbJ was carried out before O-methylation.
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growth inhibition for any of the corresponding methylated

compounds with the FR-900098-sensitive strain. To ensure the

lack of bioactivity on the plate was not specific for the Dxr

target, we utilized a second phosphonate antibiotic with a

completely different target. Fosfomycin, a broad-range anti-

bacterial used to treat urinary tract infections,20 and the

corresponding fosfomycin-OMe was prepared in a similar

method as described for the other phosphonates. Similar to

the prospective methylated antimalarials, there was no growth

inhibition of the sensitive E. coli strain by fosfomycin-OMe.

The methyl group is either not cleaved in these in vivo bio-

assays, preventing the release of the active phosphonate, or the

methyl ester hampers uptake.

The library was also assessed using purified Plasmodium

falciparum Dxr (pf Dxr). The recombinant enzyme was codon-

optimized for heterologous expression in E. coli and was

designed to lack the N-terminal signal peptide.21,22 Enzymatic

activity was monitored by NADPH oxidation at 340 nm, and

subsequent inhibition values for the IC50 and KI were obtained

for each of the prospective antimalarial compounds. Similar to

the in vivo bioassays, only the free, unmethylated phosphonate

compounds demonstrated in vitro inhibition of pf Dxr. There

was no apparent decrease in the enzymatic activity upon

addition of the methylated compounds to any of the reaction

mixtures. The approximately two-fold difference between the

inhibition of FR-900098 and fosmidomycin is similar to

published data.21 Also, the inhibition constants for FR-900098

and fosmidomycin with their hydroxylated counterparts,

FR-33289 and hydroxyfosmidomycin, respectively, were

determined to be nearly identical to each other (Table 2). Even

though the natural pf Dxr substrate also contains a secondary

hydroxyl group similar to FR-33289 and hydroxyfosmidomycin,

albeit at different positions on the carbon backbone, there was

no apparent increase in inhibition compared to FR-900098

and fosmidomycin.

The combinatorial biosynthesis with FrbJ was successful in

producing two new antimalarial target compounds, FR-33289

and hydroxyfosmidomycin. The E. coli bioassays showed

some improvement for these hydroxylated compounds as the

zones of inhibition were slightly larger. Although the inhibition

of the Dxr enzyme itself does not change, the bioavailability of

these hydroxylated compounds appears to increase. In order

to more accurately assess these compounds, we will look to

expand the scope of the inhibition assays to include Plasmodium

species.
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Table 2 Inhibition of purified Dxr from Plasmodium falciparum by
members of the phosphonate library

Substrate
IC50 (nM)
(mean � SD)

KI (nM)
(mean � SD)

FR-900098 15 � 3 3.2 � 1.0
FR-33289 16 � 3 3.0 � 0.8
Fosmidomycin 36 � 6 6.8 � 1.6
Hydroxyfosmidomycin 41 � 5 7.1 � 1.4
FR-900098-OMe NI NI
FR-33289-OMe NI NI
Fosmidomycin-OMe NI NI
Hydroxyfosmidomycin-OMe NI NI

NI: no enzyme inhibition detected; SD: standard deviation.
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