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SUMMARY volves reactions for activation of phosphonate, carbon-phospho-

After several decades of use of glyphosate, the active ingredient in
weed killers such as Roundup, in fields, forests, and gardens, the
biochemical pathway of transformation of glyphosate phosphorus
to a useful phosphorus source for microorganisms has been dis-
closed. Glyphosate is a member of a large group of chemicals,
phosphonic acids or phosphonates, which are characterized by a
carbon-phosphorus bond. This is in contrast to the general phos-
phorus compounds utilized and metabolized by microorganisms.
Here phosphorus is found as phosphoric acid or phosphate ion,
phosphoric acid esters, or phosphoric acid anhydrides. The latter
compounds contain phosphorus that is bound only to oxygen.
Hydrolytic, oxidative, and radical-based mechanisms for carbon-
phosphorus bond cleavage have been described. This review deals
with the radical-based mechanism employed by the carbon-phos-
phorus lyase of the carbon-phosphorus lyase pathway, which in-
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rus bond cleavage, and further chemical transformation before a
useful phosphate ion is generated in a series of seven or eight
enzyme-catalyzed reactions. The phn genes, encoding the en-
zymes for this pathway, are widespread among bacterial species.
The processes are described with emphasis on glyphosate as a sub-
strate. Additionally, the catabolism of glyphosate is intimately
connected with that of aminomethylphosphonate, which is also
treated in this review. Results of physiological and genetic analyses
are combined with those of bioinformatics analyses.
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INTRODUCTION

-Phosphonomethylglycine (glyphosate) has become the most

widely used herbicide in agriculture, in silviculture, and in
urban environments as the active ingredient of weed-killer formu-
lations such as Roundup. Glyphosate is spread on foliage, where it
is taken up and transported to growth areas for exertion of inhi-
bition (1). The compound is a competitive inhibitor of phosphoe-
nolpyruvate of plant 5-enolpyruvylshikimate 3-phosphate syn-
thase and thus prevents the biosynthesis of the aromatic amino
acids phenylalanine, tryptophan, and tyrosine as well as some ben-
zoic acid derivatives, thereby killing the plant. The versatility of
the compound is based on the acquisition of either of two mech-
anisms in plants: (i) resistance or (ii) tolerance to glyphosate. A
review of the mechanisms of resistance and tolerance has been
published (2). Both mechanisms depend on the genetic engineer-
ing of bacterial genes into plant cells.

In contrast to the enzyme of plant origin, 5-enolpyruvylshiki-
mate 3-phosphate synthase activity (encoded by aroA) of many
bacterial species is insensitive to glyphosate. Thus, insertion and
expression in a plant cell of an aroA gene from Agrobacterium
render the cell resistant to glyphosate (3, 4). Similar results were
obtained with mutant variants of the aroA gene of Salmonella
enterica serovar Typhimurium (5) or Escherichia coli (6). Toler-
ance to glyphosate is obtained by different mechanisms. Here the
compound is enzymatically modified or removed from the cell,
whereas the target of inhibitory action remains unaltered. In gen-
eral, glyphosate catabolism by microorganisms proceeds by either
of two pathways. First, cleavage of the carbon-phosphorus (C-P)
bond by an enzyme with the trivial name C-P lyase results in the
formation of N-methylglycine, also known as sarcosine, and a
phosphorus-containing molecule (7, 8). The methyl moiety of
N-methylglycine may be transferred to tetrahydrofolic acid deriv-
atives for further metabolism through one-carbon metabolic
pathways and with the simultaneous formation of glycine (9) or,
in the presence of dioxygen, N-methylglycine may be converted to
hydrogen peroxide, formaldehyde, and glycine (10). Second,
cleavage of a carboxymethylene-nitrogen bond results in the for-
mation of aminomethylphosphonic acid (AMPA) and glyoxylate
in a reaction catalyzed by an oxidase, i.e., an enzyme, which uti-
lizes dioxygen as an oxidizing agent. Glyoxylate in turn is oxidized
to carbon dioxide by the glyoxylic acid cycle, whereas AMPA is
further catabolized by acetylation followed by cleavage of the C-P
bond through reactions, which include C-P lyase. Figure 1 shows
the two pathways: C-P lyase catalyzed versus oxidase catalyzed.
Insertion and expression of the Ochrobactrum anthropi strain
LBAA gox gene, encoding an oxidase with affinity for glyphosate in
a plant cell, render the cell tolerant to glyphosate by removal of the
compound (11, 12). A variant of the tolerance mechanism in-
volves the Bacillus licheniformis yitl-encoded enzyme, which
acetylates glyphosate at the nitrogen. N-Acetylglyphosate does not
inhibit 5-enolpyruvylshikimate 3-phosphate synthase (13). The
physiological function of neither the gox gene nor the yitl gene
product is known. Often, an aroA gene or a gox gene has been
manipulated in vitro to specify enzymes with improved kinetic
parameters before insertion into plants (2). Finally, glyphosate
tolerance in E. coli may be acquired by overexpressing a gene,
yhhS, presumably encoding a membrane-located efflux trans-
porter (14). The physiological ligand for this transporter is cur-
rently unknown, but pentose phosphates have been suggested as
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FIG 1 Pathways for biological extraction of glyphosate-phosphorus. Glypho-
sate may be cleaved through the phn-specified C-P lyase pathway with the
formation of PRPP and N-methylglycine or by the oxidation of C, by glypho-
sate oxidase with the formation of AMPA and glyoxylate. AMPA-phosphorus
in turn may be converted to PRPP through the phn-specified C-P lyase path-
way, which also results in the formation of N-methylacetamide (see the text for
details).

possible ligands (15). It remains to be seen if this efflux transporter
may contribute to glyphosate tolerance in plants.

Although plants in general are sensitive to glyphosate, excep-
tions to this have also been observed, as limited uptake and trans-
location and enhanced metabolic degradation may contribute to
glyphosate tolerance (16). In addition, glyphosate resistance by
various mechanisms has evolved in natural weed populations due
to the extensive use of the herbicide for crop protection (reviewed
in reference 17).

Glyphosate is readily removed from soil by microbial meta-
bolic activity (18). These processes result in the formation of
phosphorus-, carbon-, or nitrogen-containing compounds, some
of which microbes can use in their metabolism. In spite of 40 years
of glyphosate utilization, detailed knowledge of the biochemical
mechanism of conversion of glyphosate-phosphorus to phos-
phoric acid or phosphate ion (P;) is only presently emerging. The
present review deals with the transformation of glyphosate-phos-
phorus to usable phosphorus compounds, a process harbored by a
number of microbial species. As AMPA is a prominent catabolic
intermediate of glyphosate, a description of the catabolism of
AMPA is included as well.

TRANSPORT AND ACCUMULATION OF GLYPHOSATE AND
AMPA

The utilization of glyphosate depends on the specificity of the
catabolic enzyme system as well as that of the polypeptides respon-
sible for the internalization of the compound. Transport of
glyphosate has been analyzed in two instances. Thus, quantitative
measurements with [3-'*C]glyphosate have been conducted in
Arthrobacter sp. strain GLP-1 and Pseudomonas sp. strain PG2982,
both of which were isolated by enrichment with glyphosate as a P;
source. In both cases, catabolism functioned simultaneously with
transport. The former therefore very likely affected the latter. Ad-
ditionally, the uptake of glyphosate was genetically regulated by
the phosphorus source, as described further below. The K, values
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for glyphosate uptake were 23 and 125 pM for Pseudomonas sp.
strain PG2982 and Arthrobacter sp. strain GLP-1, respectively (19,
20). Furthermore, measurements of intracellular pool sizes of me-
tabolites revealed that O. anthropi strain GPK3 and Achromobacter
sp. strain MPS contained detectable amounts of glyphosate fol-
lowing growth of the species in the presence of glyphosate, pro-
viding evidence for the existence of a transport mechanism for the
compound. Both of these strains were isolated from phosphonate-
contaminated soil (21).

In general, phosphonic acids are internalized by an ATP-bind-
ing cassette (ABC) transport system consisting of a periplasmic
binding protein for phosphonate (encoded by phnD in E. coli)
(22), an ATP-binding polypeptide (phnC), as well as a membrane-
spanning transporter polypeptide (phnE). The phnD gene speci-
fies a polypeptide that contains a signal sequence for transmem-
brane export to the periplasm, and indeed, the PhnD polypeptide
of E. coli has been shown to be able to bind phosphonate (22).
Thus, by engineering the phnD gene to specify the Q267C variant,
containing a single cysteine, and subsequently adding acrylodan
to the cysteinyl residue as a fluorophore, the dissociation constant
(K,) values were determined for a number of phosphonates. The
values obtained for methylphosphonate, 2-aminethylphospho-
nate, AMPA, and glyphosate were 1 uM, 5 nM, 5 uM, and 0.65
mM, respectively. For comparison, the K, value for P; was 50 uM
(22). These data show variations over >5 orders of magnitude for
the efficiency of phosphonate binding and, presumably, uptake of
phosphonate. In particular, the binding of glyphosate to PhnD is
poor, and the compound may not be transported at all. The E. coli
K-12 wild-type phnE allele has been shown to contain an 8-bp
duplication, which renders phosphonate utilization cryptic (23,
24). A genetic switch mechanism has been shown to be responsible
for the removal and reversible reinsertion of this 8-bp duplication
in E. coli K-12 (25, 26). Amino acid sequence alignments with
known ABC transport system components were originally used to
assign a function of PhnC, PhnD, and PhnE (23). Additional evi-
dence for phnCDE specifying a transport system was provided by
analyses of phosphoserine as a P; source in phn mutants. Thus, in
E. coli, phosphoserine may be dephosphorylated by phosphoser-
ine phosphatase (specified by serB) (27) or by periplasmic alkaline
phosphatase (specified by phoA) (28). Additionally, phoA Aphn
strains are unable to use phosphoserine as a P; source, whereas
phoA Aphn strains provided with the phnCDE genes in trans may
utilize phosphoserine as a P; source. Apparently, PhnC, PhnD,
and PhnE are able to transport phosphoserine and make the com-
pound available to cytoplasmic phosphoserine phosphatase (29).
Figure 2 shows the genetic organization of phn operons from a
variety of species and strains. The cistrons encoding transport
functions are labeled in red, and the genes have been assigned
letters similar to those of E. coli genes (phnC, phnD, and phnE). A
survey of these operons in organisms containing C-P lyase-coding
capacity reveals two possible organizations of the cistrons specify-
ing the transport polypeptides, either phnCDE, as in E. coli, Burk-
holderia pseudomallei, and the Pseudomonas stutzeri phn operon,
or phnCDEE, i.e., with two distinct transmembrane polypeptides,
as in Sinorhizobium meliloti, O. anthropi, Agrobacterium radiobac-
ter, Mesorhizobium loti, Bradyrhizobium japonicum, Nostoc sp.
strain PCC7120, and Trichodesmium erythraeum. In addition, the
transport polypeptide-encoding cistrons of the P. stutzeri hix
operon are organized somewhat differently. However, the htx
operon is involved in uptake and oxidation of hypophosphite
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in addition to phosphonate (30). The actual position of the
phnCDE(E) cistrons may vary from species to species. Thus, the E.
coli phnCDE cistrons are cotranscribed with and located upstream
of the remaining C-P lyase pathway-encoding cistrons. In O. an-
thropi, M. loti, and B. pseudomallei, the phnCDEE cistrons are
transcribed in the same direction as the C-P lyase pathway-encod-
ing cistrons, but they are located downstream of these. In S. meli-
loti, the phnCDEE cistrons are located far away from the C-P lyase
pathway-encoding cistrons phnFGHIKLO. Finally, in Nostoc sp.
PCC7120, the phnCDE(E) cistrons are located close to the C-P
lyase pathway-encoding cistrons but are transcribed divergently.

CARBON-PHOSPHORUS LYASE PATHWAY OF E. COLI AND
P. STUTZERI

The C-P lyase enzyme system is widespread among bacteria. Thus,
analyses of the sequenced genomes for phosphonate degradation
pathways revealed that C-P lyase was the most abundant pathway
next to the phosphonate phosphohydrolase pathway (31). In gen-
eral, a bacterial species contains a single C-P lyase pathway-encod-
ing operon. Exceptions to this generality are P. stutzeri, which
contains two distinct operons, phn and htx, both of which specify
polypeptides involved in catabolism of phosphonate (30); M. loti,
which contains coding capability for three distinct C-P lyases (Fig.
2) (32); and Marinobacter aquaeolei VT8 (33). The latter organism
contains four putative C-P lyase-encoding operons, with two
located on the chromosome (phnFDCEGHIJKLMNP and phn-
DCEMGHIJKLMNP) (GenBank accession no. CP000514.1) and
the other two located on two plasmids, pMAQUOl (phn-
DCEMGHIJKLMNP) (accession no. CP000515.1) and pMAQU02
(phnFDCEGHIJKLMNP) (accession no. CP000516.1). Remarkably,
the nucleotide sequences of a DNA fragment of 18,589 bp, encom-
passing the phnFDCEGHIJKLMNP operon as well as four genes up-
stream of phnF and one gene downstream of phnP in the chromo-
some and in pMAQUO2, are identical. Another exception is
Arthrobacter sp. GLP-1, which has been shown to contain two C-P
lyase systems, as evaluated on the basis of differential induction of
the synthesis of C-P lyase activities for methylphosphonate and
glyphosate and, similarly, differential inhibition by organophos-
phonates of C-P lyase activities for methylphosphonate and
glyphosate (34). BLAST analysis (35) with a variety of phn gene
sequences as a query revealed no C-P lyase-encoding genes within
the sequenced genomes of the genus Arthrobacter. Additionally,
methylphosphonate growth-proficient Achromobacter sp. strain
MPS12 could be adapted to growth with glyphosate as the sole P;
source, apparently by synthesizing a second glyphosate-specific
C-P lyase, and O. anthropi strain GPK3 has been postulated to
contain two C-P lyases, one specific for methylphosphonate and
the other specific for glyphosate (21). The C-P lyase-encoding
genes and their organization in a number of organisms are de-
scribed in detail below. First, the phn operon as well as the C-P
lyase of E. coli, followed by that of P. stutzeri, are described. Sec-
ond, data for organisms which utilize glyphosate as a P; source are
reviewed, i.e., O. anthropi, S. meliloti, A. radiobacter, B. pseudomal-
lei, and Nostoc sp. PCC7120, followed by data for the soil bacteria
M. loti and B. japonicum. Finally, data are reviewed for the two
phosphonic acid growth-proficient species T. erythraeum and Aci-
dithiobacillus ferrooxidans. Operon structures were established by
using program packages at the Integrated Microbial Genomes
website (http://img.jgi.doe.gov/) (36) and the National Center for
Biotechnology Information (http://www.ncbi.nlm.nih.gov/) (37).
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FIG 2 Organization of C-P lyase pathway-encoding operons in various microbial species and strains. Each open reading frame is shown as a rectangle, with the
phn gene designation shown above in italics. Displacement of an open reading frame relative to the previous open reading frame indicates overlapping reading
frames. Genes for transport proteins are labeled in red. A nomenclature has been adopted so that genes encoding periplasmic binding proteins are labeled D, and
genes encoding a nucleotide-binding protein are labeled C, whereas genes encoding a membrane-spanning protein are labeled E. In some cases, this nomencla-
ture may deviate from the originally published gene designations. Genes for products with known enzymatic activity in phosphonate catabolism are labeled in
blue, and genes specifying putative regulatory proteins are labeled in green, whereas genes specifying auxiliary polypeptides involved in phosphonate catabolism
are labeled in black. Genes apparently not involved in phosphonate catabolism are unfilled and unlabeled. In some cases, more than one cistron appears to encode
homologous proteins, e.g., phnM of O. anthropi. 1045 indicates the domain of unknown function 1045 gene (encoding DUF1045). It is included as phosphonate
degradation relevant, as it is usually located in proximity to phn genes (129). Similarly, 1868 indicates the gene encoding DUF1868, whereas 2HP designates a gene
that may specify a member of the two-histidine phosphodiesterase superfamily (see the text for details). The designations of the P. stutzeri htx operon cistrons
have been altered (except for htxA) to underline the similarity with other phosphonate catabolism operons. The htx operon was originally designated
htxABCDEFGHIJKLMN (30). Similarly, the S. meliloti and B. japonicum phnCDEE genes were originally designated phoCDET (119, 130, 131). Numbers
expressed in kilobases indicate interoperon distances. Arrows beneath the genes indicate the direction of transcription and attempts to estimate the boundaries
of individual transcripts. Contiguous arrows do not necessarily indicate operon expression, except for the E. coli phnC-P, A. ferrooxidans phnG-M, and P. stutzeri
htxA-P genes, where operon expression has been experimentally confirmed (29, 30, 76). An asterisk under an arrow indicates that a Pho box has been identified
in the DNA sequence and, thus, that transcription may be regulated by the P; supply. Unless otherwise indicated, operons are located in the chromosomes. The
GenBank accession numbers of the nucleotide sequences employed are U00096.2 for E. coli (132), AF061267 (htx) and AY505177 (phn) for P. stutzeri (117),
CP000758.1 for O. anthropi ATCC 49188 (133), AL591985 (plasmid pSymB) and AL591688 (chromosome) for S. meliloti 1021 (57, 58), CP000628.1 for A.
radiobacter K84 (63), BA000012.4 (chromosome) and BA000013.4 (plasmid pMLa) for M. loti MAFF303099 (32, 134), BA000040.2 for B. japonicum USDA 110
(130,135), CP002833.1 (chromosome 1) for B. pseudomallei 1026b (136), BA000019.2 for Nostoc sp. PCC7120 (70), CP001219.1 for A. ferrooxidans ATCC 23270
(77), CP000393.1 for T. erythraeum IMS101, and CP000031.2 for R. pomeroyi DSS-3 (137).

Escherichia coli (Fig. 2) (23). A summary of the assigned biochemical functions of
The phn operon. Although E. coli is unable to use glyphosate asa ~ €ach of these 14 polypeptides is given in Table 1. As mentioned
P, source, it is included here because the C-P lyase pathway from  above, 3 of the 14 cistrons (phnCDE) encode an ATP-binding
this organism may be regarded as the “standard” C-P lyase cassette transport system, where PhnD is a periplasmic binding
pathway. Phosphonate utilization requires the expression of 14  protein for phosphonic acids (22), PhnE is believed to be a mem-
polypeptides, specified by the phnCDEFGHIJKLMNOP operon  brane-spanning polypeptide, and PhnC is believed to be an ATP-
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TABLE 1 Biochemical function of E. coli phn operon-specified polypeptides

Phn polypeptide Activity and/or function Reference(s)

PhnC ABC transport system, nucleotide-binding protein 23,24

PhnD ABC transport system, periplasmic binding protein 22-24

PhnE ABC transport system, membrane-spanning protein 23,24

PhnF Regulatory protein 23,24, 38

PhnG Purine ribonucleoside triphosphate phosphonylase component, component of PhnGHIJK 40, 41

PhnH Purine ribonucleoside triphosphate phosphonylase component, component of PhnGHIJK 40, 41

Phnl Purine ribonucleoside triphosphate phosphonylase component, component of PhnGHIJK 40, 41

PhnJ C-P lyase, component of PhnGHIJK 40, 41

PhnK Component of PhnGHIJK, accessory protein, nucleotide-binding protein of an ABC 23,40
transport system

PhnL Purine ribonucleoside triphosphate phosphonylase component or nucleotide-binding 23,41
protein of an ABC transport system

PhnM 5'-Triphosphoribosyl 1’-phosphonate diphosphohydrolase 41

PhnN Ribosyl bisphosphate phosphokinase 52

PhnO Aminoalkylphosphonate N-acetyltransferase 39,101

PhnP Phosphoribosyl cyclic phosphodiesterase 42,49

binding polypeptide (23, 24). phnF presumably is a regulatory
gene. This function was assigned by amino acid sequence compar-
ison of E. coli PhnF with Mycobacterium smegmatis PhnF, which
negatively regulates the expression of a P; transport system en-
coded by phnDCE (38). The remaining 10 polypeptides are either
enzymes responsible for the transformation of phosphonic acid
phosphorus to the product 5-phosphoribosyl 1-diphosphate
(PRPP) or auxiliary but essential polypeptides in phosphonate
utilization, as described further below. The catabolism of 1-ami-
noalkylphosphonic acids such as AMPA requires all 10 polypep-
tides (PhnG, PhnH, Phnl, Phn], PhnK, PhnL, PhnM, PhnN,
PhnO, and PhnP), whereas the catabolism of alkylphosphonates,
arylphosphonates, and aminoalkylphosphonates with the amino
group at carbon 2 or higher does not require PhnO (39). Thus,
rather than specifying a single enzyme, C-P lyase, the phn operon
specifies enzymes for a small pathway, hence the C-P lyase path-
way.

The C-P lyase pathway. Recent research has shed light on most of
the biochemical pathways by which phosphonate is transformed to
phosphate. The chemical reactions of the pathway with glyphosate
and AMPA as examples are shown in Fig. 3. A multisubunit protein
complex, PhnGHIJK, was identified (40). No enzymatic activity of
PhnGHIJK was demonstrated, but in vitro analysis has shown that
Phnl has ribonucleoside 5'-triphosphate nucleosidase activity (ATP/
GTP + H,0 —ribosyl 5-triphosphate + adenine/guanine), whereas
Phnl in the presence of PhnG, PhnH, and PhnL has ribonucleoside
5'-triphosphate phosphonylase activity (ATP/GTP + methylphos-
phonic acid — 5’-triphosphoribosyl 1’-methylphosphonate + ade-
nine/guanine) (EC 2.7.8.37 [a-D-ribose 1-methylphosphonate
5-triphosphate synthase]). The enzyme uses ATP and GTP as phos-
phonyl acceptors, with almost identical k,/K,, values (3.4 X 10°
M~ 's71) (41). The phosphonylase activity is dependent on the pres-
ence of PhnG, PhnH, Phnl, and PhnL, whereas PhnK is not neces-
sary. Further research is required to clarify the role of each of the
polypeptides in this phosphonylase reaction. The reaction mecha-
nism of the phosphonylase may bear some mechanistic resemblance
to that of (deoxy)ribonucleoside phosphorylases, which convert (de-
oxy)ribonucleoside and P; to ribosyl 1-phosphate and the corre-
sponding nucleic acid base. In the following step of the C-P lyase
pathway, the B,y-diphosphoryl group of 5'-triphosphoribosyl 1'-
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methylphosphonate is hydrolyzed, and 5’-phosphoribosyl 1’-
methylphosphonate is generated in a reaction catalyzed by PhnM,
hence 5'-triphosphoribosyl 1’-phosphonate diphosphohydrolase
(EC 3.6.1.63 [a-D-ribose 1-methylphosphonate 5-triphosphate
diphosphatase]) (41). Similar reactions occur in the catabolism of
glyphosate or AMPA (Fig. 3).

5'-Phosphoribosyl 1'-phosphonate was previously suggested to
be the substrate for C-P lyase, the product being an alkane and
5-phosphoribosyl 1,2-cyclic phosphate (42). Indeed, in vitro analysis
showed that this was the case, as the purified phnJ gene product is able
to catalyze the cleavage of 5'-phosphoribosyl 1’-methylphosphonate
with the formation of methane and 5-phosphoribosyl 1,2-cyclic
phosphate as the products. Thus, phnJ specifies C-P lyase (EC 4.7.1.1
[a-D-ribose 1-methylphosphonate 5-phosphate C-P lyase]). Fur-
thermore, the compound 5’-phosphoribosyl 1’-(N-2-acetamidoeth-
ylphosphonate) was isolated from a culture of a phnP mutant strain
grown in the presence of 2-aminoethylphosphonate. 5'-Phosphori-
bosyl 1’-(N-2-acetamidoethylphosphonate) is analogous to the C-P
lyase substrate of cells grown with methylphosphonate. The PhnJ-
catalyzed reaction requires anaerobic conditions and S-adenosylme-
thionine, which is converted to 5’-deoxyadenosine and methionine.
Spectroscopy revealed the possibility of a 4Fe-4S cluster, and with the
observation of the presence of four cysteine residues within Phn],
the data are consistent with a radical reaction mechanism typical
of the radical S-adenosylmethionine/4Fe-4S enzyme superfamily.
Three cysteine residues (Cys241, Cys244, and Cys266) are involved in
the formation of the 4Fe-4S cluster, whereas Cys272 is believed to take
part in the catalytic cycle as a thiyl radical (41, 43). Additionally, these
data are consistent with results obtained >2 decades ago by Frost and
coworkers, who demonstrated that C-P bond cleavage by C-P lyase
occurs by a radical reaction mechanism (44—46). Also, amino acid
sequence alignments of Phn polypeptides revealed a remarkable evo-
lutionary conservation of PhnJ compared to other Phn polypeptides,
consistent with the critical enzymatic function of PhnJ (40, 47). The
2-hydroxyl of the phosphoribosyl moiety plays a crucial role in C-P
lyase catalysis, possibly in turning over a covalent PhnJ-phosphori-
bosyl intermediate. Thus, the reactions leading from the free phos-
phonate to the C-P lyase substrate 5’-phosphoribosyl 1’-phospho-
nate may be regarded as steps necessary for activation of the substrate
(48).
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FIG 3 Pathways for the conversion of phosphorus of glyphosate and AMPA to P;. (A) Conversion of glyphosate. Compounds: 1, glyphosate; 2, 5’-triphospho-
a-D-ribosyl 1'-(N-phosphonomethylglycine); 3, 5’'-phospho-a-D-ribosyl 1’-(N-phosphonomethylglycine); 4a, N-methylglycine; 5, 5-phospho-a-D-ribosyl
1,2-cyclic phosphate; 6, a-D-ribosyl 1,5-bisphosphate; 7, 5-phospho-a-D-ribosyl 1-diphosphate (PRPP); 8, diphosphate ion (PP;); 9, phosphate ion (P;).
Reactions are indicated by their enzymes as follows. PhnI* indicates purine ribonucleoside 5'-tri/diphosphate phosphonylase, an enzyme complex where Phnl
plays a crucial catalytic role and which may also involve PhnG, PhnH, PhnJ, PhnK, and/or PhnL. PhnM is 5’-triphospho-a-D-ribosyl 1’-phosphonate diphos-
phohydrolase. PhnJ* indicates S-adenosylmethionine-dependent carbon-phosphorus lyase. PhnJ* may constitute a protein complex also containing PhnG,
PhnH, Phnl, PhnK, and/or PhnL. PhnI* and PhnJ* may be the same protein complex. PhnP is the phnP-specified phosphoribosyl cyclic phosphodiesterase. PhnN
is the phnN-specified ribosyl bisphosphate phosphokinase. APRTase is the apt-specified adenine phosphoribosyltransferase. Ppa is the ppa-specified inorganic
diphosphate hydrolase (138). The enzymes catalyzing the latter two reactions are not specified by the phn operon. APRTase was arbitrarily chosen among the 10
phosphoribosyltransferases of E. coli (53). Any of these 10 enzymes may participate in the process. (B) Conversion of AMPA. Compounds: 10, AMPA; 11,
N-acetamidomethylphosphonate; 4b, N-methylacetamide; compound 5 is described above for panel A. Compound 5 is further catabolized as described above for
panel A. PhnO is aminoalkylphosphonate N-acetyltransferase, and PhnI*, PhnM, and PhnJ* are described above for panel A. The pathways were established on

the basis of previously reported data (39-41, 52, 139, 140).

The formation of 5-phosphoribosyl 1,2-cyclic phosphate com-
pletes the conversion of the phosphonate phosphorus to a phos-
phate ester, where the phosphonate phosphorus is the 1,2-cyclic
phosphate. Next, 5-phosphoribosyl 1,2-cyclic phosphate is hydro-
lyzed to ribosyl 1,5-bisphosphate in a reaction catalyzed by phnP-
specified phosphoribosyl cyclic phosphodiesterase (EC 3.1.4.55
[phosphoribosyl 1,2-cyclic phosphate phosphodiesterase]) (42).
This enzyme is a member of the B-lactamase family of metal ion-
dependent hydrolases, and, typically for this family of enzymes, it
is a homodimer and contains a dinuclear active site with two
Mn*" ions as well as a structural Zn>" ion. The enzyme has activ-
ity toward a number of phosphodiesters besides the physiological
substrate (49, 50). Mutants defective in phnP have proven valuable
in elucidating the structure of the components of the C-P lyase
pathway. phnP mutants not only accumulate substrates of phos-
phoribosyl cyclic phosphodiesterase (42, 51) but also accumulate
substrates of the previous enzyme of the pathway, i.e., C-P lyase.
An example is 5'-phosphoribosyl 1'-(2-N-acetamidoethylphos-
phonate), which is formed in cells thriving on 2-aminoethylphos-
phonate. In addition, the dephosphorylated derivatives ribosyl
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1,2-cyclic phosphate, a-D-ribosyl 1'-(2-N-acetamidoethylphos-
phonate), and a-D-ribosyl 1’-ethylphosphonate have been iden-
tified in the growth medium of a phnP mutant strain. The latter
compound accumulates in a phnP mutant strain supplemented
with ethylphosphonate (42). The dephosphorylated compounds
very likely appear in the growth medium after intracellular
buildup of the 5- or 5’'-phosphorylated compounds and subse-
quent excretion with simultaneous hydrolysis of the 5- or 5'-
phosphate ester.

Ribosyl 1,5-bisphosphate in turn is a substrate for phnN-spec-
ified ribosyl bisphosphate phosphokinase (EC 2.7.4.23), whose
reaction product is PRPP (52). Genetic analysis has shown that
phnN is dispensable for phosphonate utilization in E. coli, al-
though the growth of phnN mutant strains on methylphospho-
nate as a P; source is impaired compared to the growth of phn™
strains (29). The fact that phnN mutant strains grow with phos-
phonate at all may be explained by the presence of a phnN-redun-
dant activity (Fig. 4). The physiology of ribosyl 1,5-bisphosphate
metabolism in E. coli is only poorly understood. However, the
compound is also synthesized in cells that are not exposed to
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FIG 4 Metabolic pathways of ribosyl 1,5-bisphosphate of E. coli. a-D-Ribosyl 1,5-bisphosphate (Rib1,5bP) is shown at the center in red. The compound is
generated by the activity of phosphoribosyl cyclic phosphodiesterase (PhnP) (42) and presumably by the activity of ribosyl 1-phosphate kinase (RPK) (52).
Ribosyl 1,5-bisphosphate may be further converted to PRPP by ribosyl 1,5-bisphosphate phosphokinase (PhnN) and presumably to some unknown metabolite,
metabolite X (52). The possibility of hydrolysis with the formation of P; by a phn operon-specified gene product (PhnG, PhnH, PhnK, or PhnL or a combination
thereof) is indicated by PhnG/H/K/Lz. Presently, there is no evidence for this activity of any phn-specified polypeptide.

phosphonate, presumably by the activity of ribosyl 1-phosphate
kinase, and similarly, the compound can also be removed by en-
zymatic activity in a reaction leading from ribosyl 1,5-bisphos-
phate to an unknown compound, compound “X” (Fig. 4) (52).
Additionally, the possibility of the existence of a phn-specified
phosphohydrolase highly specific for ribosyl 1,5-bisphosphate is
indicated in Fig. 4 by the reaction leading from ribosyl 1,5-bispho-
sphate to ribosyl 1- or 5-phosphate. Candidates for this phospho-
hydrolase are PhnG, PhnH, PhnK, and PhnL, to which a biochem-
ical function has not yet been assigned. However, this hypothesis
seems less attractive, as a ribosyl 1,5-bisphosphate phosphohydro-
lase activity would also remove ribosyl 1,5-bisphosphate synthe-
sized for other purposes, at least under conditions where phos-
phonate catabolism is active.

A biochemical function of phnN-specified ribosyl bisphos-
phate phosphokinase was assigned as follows. A PRPP-less strain
of E. coli deleted for the prs gene (Aprs), encoding PRPP synthase,
requires purine and pyrimidine compounds, the amino acids his-
tidine and tryptophan, as well as NAD. NAD requirement sup-
pression mutants were isolated and found to have lesions in the
pstSCAB-phoU operon, i.e., constitutive in Pho regulon expres-
sion. Thus, the mutants had the genotype Aprs pstSCAB-phoU.
Genetic analysis revealed that the NAD requirement suppression
phenotype resulted from elevated expression levels of the phnN
gene. Additionally, expression of the phnN gene in the parent
strain (i.e., Aprs) was sufficient to create the NAD requirement
suppression phenotype. It was therefore concluded that the sub-
strate for PhnN, ribosyl 1,5-bisphosphate, is a metabolite of E. coli
also in cells which do not catabolize phosphonate (52). Presum-
ably, therefore, ribosyl 1,5-bisphosphate is synthesized from some
unknown source and is metabolized to some unknown prod-
uct(s). This may explain why the phnN gene is dispensable for
phosphonate utilization: a different metabolic pathway handles
the substrate of the phnN gene product, ribosyl 1,5-bisphosphate.
Although a biochemical function has now been assigned to the
vast majority of the polypeptides specified by the phn operon, an
alternative pathway for P; formation cannot be ruled out. Thus,
there is no doubt that the product of C-P lyase is 5-phosphoribosyl
1,2-cyclic phosphate and that this compound is hydrolyzed to
ribosyl 1,5-bisphosphate by PhnP. Subsequently, a phn-specified
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substrate-specific phosphohydrolase might hydrolyze ribosyl 1,5-
bisphosphate to P; and ribosyl 1- or 5-phosphate, followed by
salvage of the ribosyl phosphate. If this were the case, phn-speci-
fied phosphonate degradation would generate P; by two different
pathways, one of which was PhnN directed and the other of which
was directed by an unidentified phn operon-specified enzyme.
phnG, phnH, phnK, or phnL might be a candidate for this activity.
Thus, a double mutant (phnN phnG, phnN phnH, phnN phnK, or
phnN phnL) would be even more impaired in phosphonate utili-
zation than a phnN strain. Although phnG, phnH, phnK, phnL,
and phnN mutants exist and can be combined, the outcome may
be predicted as a phosphonate-negative phenotype. The muta-
tions are knockout mutations, and presumably, deletion of either
phnG, phnH, or phnK may result in the formation of an abortive
PhnGHIJK protein complex.

The phnO gene encodes an aminoalkylphosphonate N-acetyl-
transferase (EC 2.4.2.—). The phnO cistron is essential for utiliza-
tion of 1-aminoalkylphosphonates such as AMPA and S-1-amino-
ethylphosphonate, whereas phnO is dispensable for utilization of
alkylphosphonate. Aminoalkylphosphonate N-acetyltransferase is
furthermore necessary for the detoxification of the cell wall synthesis
inhibitor (S)-1-aminoethylphosphonate (39). Aminoalkylphospho-
nate N-acetyltransferase is dealt with further below.

Although a specific function has not been assigned to all of the
Phn polypeptides, it is evident from the description above that the
Phn] polypeptide is C-P lyase and that there are quite a number of
auxiliary proteins and enzymes, all of which are necessary for a
complete transformation of phosphonate phosphorus.

Formation of P;. Contrary to general belief, phn-specified en-
zymes of E. colilikely do not convert phosphonic acid-phosphorus
to P,. Rather, the product of the activities of the phn-specified
enzymes appears to be PRPP, where the phosphorus of the
a-phosphate at the C, hydroxyl originates from phosphonic acid-
phosphorus. The sum of these reactions with methylphosphonate
as the substrate is methylphosphonate + 2ATP + 2H,0 —CH, +
PRP*P + inorganic diphosphate (PP;) + ADP + adenine, where
the asterisk is placed after the phosphorus originating from phos-
phonate. S-Adenosylmethionine and an electron of unknown or-
igin as the substrates and methionine and 5’-deoxyadenosine as
the products are omitted from the sum of the reaction. The gen-
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eration of P; may be accomplished by reactions that are catalyzed
by non-phn-specified enzymes. First, PRPP is used by a phospho-
ribosyltransferase (PRTase), which phosphoribosylates aromatic
bases (or glutamine-derived ammonia) with the formation of
B-N-glycosidic bonds of ribonucleoside 5'-monophosphates (or
5-phosphoribosyl 3-1-amine) and PP; according to the following
general scheme: aromatic base + PRPP — ribonucleoside 5’-
monophosphate + PP;. This PP; contains the original phosphonic
acid phosphorus. PRTases are ubiquitous among microorgan-
isms. Organisms such as E. coli contain 10 enzymes that utilize
PRPP as a substrate. The nitrogen-containing substrate for these
reactions, with the gene(s) encoding the PRTases given in paren-
theses, is adenine (apt), guanine (gpt and hpt), xanthine (gpt),
hypoxanthine (hpt and gpt), uracil (upp), orotic acid (pyrE),
quinolinic acid (nadC), nicotinamide (pncB), anthranilic acid
(trpD), or ATP (hisG). A variant utilizes glutamine-derived am-
monia (purF). These PRTases are constituents of the de novo as
well as the so-called salvage pathways for purine, pyrimidine, and
pyridine nucleotide biosynthesis and the de novo pathways for
biosynthesis of the amino acids tryptophan and histidine (re-
viewed in reference 53). Second, the formation of P; is completed
by the activity of ppa-specified inorganic diphosphatase, which
hydrolyzes PP; with the formation of P;. The inclusion of adenine
PRTase and inorganic diphosphatase in the conversion of meth-
ylphosphonate results in the following sum of reactions: methyl-
phosphonate + 2ATP + 4H,0 — CH, + 4P; + 5'-AMP + ADP.
As before, S-adenosylmethionine, an electron, methionine, and
5’-deoxyadenosine are omitted from the sum of the reaction.
Thus, C-P lyase may have evolved so as to take advantage of exist-
ing metabolic pathways within the cell. The utilization of PRTases
and diphosphatase for the terminal steps of the C-P lyase pathway
is attractive because these enzymes are present at all times. At least
the PRTases involved in purine, pyrimidine, and pyridine nucle-
otide salvage (i.e., those encoded by apt, hpt, gpt, upp, and pncB)
are believed to be synthesized constitutively. Likewise, in the ab-
sence of purine, pyrimidine, pyridine, histidine, or tryptophan,
PRTase activity will be present (53). Also, transcriptome analysis
revealed that the expression level of the E. coli purF gene, encoding
the PRTase glutamine PRPP amidotransferase, increases follow-
ing phosphate exhaustion (54). Although PRTases are dispensable
for E. coli, the hypothesis that they are necessary for phosphonate
catabolism predicts that the knockout of all 10 PRTase genes ren-
ders E. coli phosphonate growth deficient. Finally, diphosphatase
is essential for E. coli (138).

An exception to this general pathway with PRPP as the product
of a phn-specified C-P lyase pathway is represented by the enzyme
5-phosphoribosyl 1,2-cyclic phosphate dihydrolase, which cata-
lyzes the sequential hydrolytic reactions of the C-P lyase product:
5-phosphoribosyl 1,2-cyclic phosphate — ribosyl 2,5-bisphos-
phate — ribosyl 5-phosphate + P;. The gene encoding 5-phos-
phoribosyl 1,2-cyclic phosphate dihydrolase has been isolated
from the Gram-positive organisms Eggerthella lenta and Clostrid-
ium difficile, and the enzyme has been characterized (55). BLAST
analysis showed that the enzyme has limited evolutionary dissem-
ination.

Pseudomonas stutzeri

Similarly to E. coli, P. stutzeri is unable to use glyphosate as a P;
source. However, P. stutzeri is included here as an organism
in which two different operons specifying C-P lyase, phn CDEF-
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TABLE 2 Effect of AMPA on utilization of methylphosphonate as a P;
source in P. stutzeri”

Presence Growth response with phosphorus-containing
of operon  compound(s)
MePn +
AMPA + AMPA +

Strain hxt phn None MePn AMPA MePn P,
WMs67  +  + - ++ - - o+
wMI6l4 A+ — ++ - — ++
WM3514 + A - + - + ++
WM3516 A A - - - - ++

@ Cells were streaked on phosphate-free morpholinepropanesulfonic acid (MOPS)
minimal agar containing glucose (0.2%) (141), and the indicated phosphorus-
containing compounds were added at 0.2 mM (methylphosphonate [MePN] and P;) or
2 mM (AMPA) and incubated at 37°C for 48 h. Growth was recorded as follows: —, no
growth; +, poor growth; ++, almost wild-type growth.

GHIJKLMNP and htxABCDEFGHIJKLMN, have been genetically
identified. phnCDE and htxBCD likely encode ABC transport sys-
tems for phosphonate, whereas the remaining 10 cistrons of each
operon (phnFGHIJKLMNP and htxEFGHIJKLMN) encode poly-
peptides that are homologous to those encoded by E. coli phn-
FGHIJKLMNP, i.e., a regulatory protein (phnF or htxE); polypep-
tides constituting a protein complex that includes C-P lyase
activity (phn]J or htxI); a ribonucleoside 5'-triphosphate phospho-
nylase (phnl or htxH); some auxiliary polypeptides (phnGHK or
htxFGJ); as well as three additional enzymes necessary for phospho-
nate utilization, 5'-triphosphoribosyl 1’-phosphonate diphosphohy-
drolase (phnM or htxL), phosphoribosyl cyclic phosphodiesterase
(phnP or htxN), and ribosylbisphosphate phosphokinase (phnN or
htxM). Neither the phn operon nor the htx operon contains a phnO
homolog (30). The P. stutzeri htxA gene encodes the enzyme hy-
pophosphite:2-oxoglutarate dioxygenase, which catalyzes the oxida-
tion of hypophosphite to phosphite. Phosphite in turn may be con-
verted to P; by C-P lyase pathway enzymes. In spite of these two C-P
lyase-specifying operons, P. stutzeri is unable to utilize glyphosate
as a P, source. Furthermore, there is a marked difference in sub-
strate specificity among the two enzyme systems, where htx-spec-
ified enzymes catabolize only methylphosphonate and ethylphos-
phonate, whereas phn-specified enzymes catabolize a broad
spectrum of phosphonates similar to that of E. coli C-P lyase.
However, as pointed out by the authors of that study, this differ-
ential substrate specificity may rely on the specificity of the trans-
port system as well as that of C-P lyase (30). Studies with mutant
variants of phn and htx were performed with a strain deleted for
either operon or both (i.e., Ahtx, Aphn, or Ahtx Aphn).

Interestingly, the polypeptides specified by the phn and htx
operons showed lower similarity to one another than to C-P lyase
polypeptides of other organisms. Thus, phn-specified polypep-
tides showed the highest identity to those of other pseudomonads,
whereas the htx-specified polypeptides showed the highest iden-
tity to those of Rhizobiaceae, which suggests that the two operons
originate from different organisms (30).

P. stutzeri is able to use methylphosphonate as the P; source,
provided that either the phn or the htx operon is functional (30).
In contrast, AMPA could not be used as a P; source by P. stutzeri
(Table 2). When both methylphosphonate and AMPA were pres-
ent, with the latter compound at a 10-fold surplus, the two strains
with a functional phn operon (WM567 and WM1614) did not
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TABLE 3 Effect of glyphosate on utilization of methylphosphonate as a
P, source in P. stutzeri®

Presence  Growth response with phosphorus-containing
of operon compound(s)
MePn +
Glyphosate +  glyphosate +

Strain hxt phn MePn Glyphosate MePn P;
WM567  + 4+ ++  — ++ ++
WMI1614 A+  ++  — ++ ++
WM3514 + A + - + ++
WM3516 A A - - - ++

“ Medium and incubation are described in Table 2, with the inclusion of phenylalanine,
tryptophan, and tyrosine (0.2 mM each) as well as 2-aminobenzoic acid, 2,3-
dihydroxybenzoic acid, and p-aminobenzoic acid (1 uM each). The concentration of
glyphosate was 2 mM. MePn, methylphosphonate. Growth was recorded as described in
footnote a to Table 2.

grow. In contrast, the presence of AMPA had no effect on the
utilization of methylphosphonate by the htx™ Aphn strain
(WM3514). These data are most simply interpreted as follows.
AMPA can be taken up by the phn-specified phosphonate trans-
porter but not by that specified by htx. Neither the phn- nor the
htx-specified C-P lyase pathway is able to handle AMPA, and fi-
nally, AMPA or a derivative of AMPA inhibits one or more en-
zymes of the C-P lyase pathway. These findings, i.e., the lack of
growth of P. stutzeri with AMPA as a P; source, are consistent with
studies of aminoalkylphosphonate degradation in E. coli, where it
was shown that catabolism of AMPA requires a wild-type allele of
the phnO cistron and, thus, acetylation of AMPA (39). Neither the
phn nor the htx operon of P. stutzeri contains a phnO ortholog.
Thus, the necessity of acetylation of AMPA for catabolism may be
prevalent among microorganisms. As shown in Table 3, P. stutzeri
could not utilize glyphosate as a P; source. When both methyl-
phosphonate and glyphosate were present, with the latter com-
pound at a 10-fold surplus, the strains responded as when meth-
ylphosphonate was present alone; i.e., growth was observed when
either the phn or the htx operon was functional, indicating that
glyphosate could not be transported by any of the strains. In con-
clusion, P. stutzeri is (i) unable to transport glyphosate and (ii)
able to take up but unable to catabolize AMPA. These data are
valid, at least for P. stutzeri strains derived from WMS88 (56).

ORGANISMS THAT UTILIZE GLYPHOSATE AS A P; SOURCE

In contrast to E. coli and P. stutzeri, several microbial species or
strains have been shown to be able to utilize glyphosate as a P;
source. These organisms are S. meliloti, O. anthropi, A. radiobacter,
B. pseudomallei, and Nostoc sp. PCC7120. The data for these or-
ganisms and strains are described below.

Ochrobactrum anthropi

Genome sequence analysis of O. anthropi strain ATCC 49188 re-
vealed three possible phn transcriptional units: a phnGHIJK-
LOMNCDEE gene cluster or operon, a phnM-domain of un-
known function 1045 (duf,,,5) gene cluster or operon, as well as a
monocistronic phnF operon located next to phnG but transcribed
in the opposite direction relative to phnG. The phnGHIJK-
LOMNCDEE gene cluster and the phnM-duf,,,s gene cluster are
separated by 180 kb (approximately 270 open reading frames
[ORFs]) (Fig. 2). All of these phn genes are located on chromo-
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some 1. A similar organization is found in O. anthropi strain LMG
3301. Thus, these strains appear to contain a complete set of genes
for a C-P lyase pathway similar to that of E. coli. Apparently, there
are two distinct phnE genes, similar to what was observed for S.
meliloti. A duf,,,5 gene is frequently found among phn genes, most
often next to phnN, phnM, or both. The gene product DUF1045 is
a member of the two-histidine phosphodiesterase superfamily,
and it remains to be established if the function of DUF1045 is
related to that of phnP-specified phosphoribosyl cyclic phos-
phodiesterase (31).

O. anthropi strain GPK3, isolated from glyphosate-contami-
nated soil, was shown to be able to grow with glyphosate as a P;
source. Small amounts of N-methylglycine were detected in cells
grown with glyphosate, indicating C-P lyase-mediated cleavage of
glyphosate (Fig. 1). It was claimed that this activity is a property of
C-P lyase IT (methylphosphonate cleavage being a property of C-P
lyase I). No genome sequence information is available for this
particular strain. It is presently unclear why strain GPK3 evolved
or acquired a second C-P lyase pathway under laboratory condi-
tions. Additionally, an oxidoreductase is responsible for the for-
mation of AMPA and glyoxylate. Data for AMPA utilization by O.
anthropi strain GPK3 are not available. However, the authors of
that study favored an aminotransferase-phosphonate phosphohy-
drolase pathway rather than a C-P lyase pathway for AMPA catab-
olism. This conclusion was based on the observation that AMPA
could be removed from cell extracts by the addition of pyruvate,
which was converted to alanine, indicating the presence of an
aminotransferase activity. The remaining part of AMPA subse-
quently was expected to be phosphonoformaldehyde, for
which an enzymatic cleavage activity has not been identified
(21). Perhaps the presence of glyphosate rather altered the up-
take system for glyphosate and simultaneously altered the
properties for the uptake of other phosphonates as well.

Sinorhizobium meliloti

The utilization of glyphosate as P; source appears to be a natural
property of S. meliloti 1021, as it grows with glyphosate without
prior exposure to the compound. A variety of other phosphonates,
such as methylphosphonate, ethylphosphonate, 2-aminoethyl-
phosphonate, and AMPA, are also P; sources for S. meliloti 1021
(47). Analysis of the genome sequence revealed that S. meliloti
1021 contains two phn loci, both of which are located on the ext-
rachromosomal DNA molecule pSymB (57). There are a least
three transcriptional units: a phnGHIJKLO gene cluster, which
very likely is expressed as an operon; a phnCDEE-duf,,,s-phnMN
gene cluster, which may also be expressed as an operon; and, fi-
nally, a monocistronic operon, phnF, which is located next to the
phnGHIJKLO gene cluster but transcribed divergently. phnCDEE
may constitute an ABC transport system for phosphonate, where
PhnCis an ATP-binding protein, PhnD is a periplasmic phospho-
nate-binding protein, and the two PhnE polypeptides are mem-
brane-spanning polypeptides and constitute a permease for phos-
phonate. A phnP homolog may be present, as a gene encoding a
metal ion-dependent hydrolase of B-lactamase superfamily I has
been identified in the chromosome (GenBank accession no.
NP_385705.1) (58), although the similarity of this amino acid
sequence with that of E. coli PhnP is modest, <25%. Alternatively,
with DUF1045 replacing PhnP, S. meliloti 1021 appears to contain
a C-P lyase pathway similar to that of E. coli. It is noteworthy that
S. meliloti contains a phnO gene. In accordance with the presence
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of PhnO, S. meliloti is able to utilize AMPA as a P, source (47).
Aphnl] and AphnFGHIJKL deletion mutants were isolated and
shown to be phosphonate negative. Both deletion strains retained
the ability to grow on 2-aminoethylphosphonate, as S. meliloti
1021 contains an alternative pathway for 2-aminoethylphospho-
nate catabolism, as described later (47, 59).

Agrobacterium radiobacter

Agrobacterium radiobacter was isolated by enrichment cultivation
with phosphonoacetic acid. It utilizes a variety of phosphonates as
P; sources, including glyphosate; methyl-, hydroxymethyl-, chlo-
romethyl-, ethyl-, 2-aminoethyl-, vinyl-, propyl-, propenyl-, pro-
pynyl-, butyl-, and phenylphosphonate; phosphonoacetic acid;
and fosfomycin. Growth of A. radiobacter with AMPA as a P;
source was not analyzed (60).

Genome sequence and BLAST analyses of A. radiobacter K84
revealed two phn loci. Locus 1 comprises phnFGHIJKLO-ORF-
phnCDEE-duf,,,s-phnMN, whereas locus 2 comprises a monocis-
tronic operon, phnM. phnF is transcribed divergently from the
other genes of locus 1 (Fig. 2). Thus, the genome of this organism
appears to encode two polypeptides each of PhnM and PhnE.
Similar to S. meliloti and O. anthropi, A. radiobacter contains a
gene encoding DUF1045, which may be consistent with an appar-
ent lack of a phnP homolog. Altogether, the coding capacity of A.
radiobacter resembles that of S. meliloti and O. anthropi, i.e., a
complete set of phnCDEFGHIJKLMNO (phnC-O) genes, a possi-
ble phosphoribosyl cyclic phosphodiesterase-encoding gene
(duf045), as well as some redundancy in coding capacity (phnE
and phnM). The organization of phn genes in A. radiobacter ap-
pears to be similar to that of other species of the genus Agrobacte-
rium. Thus, inspection of the genomes of Agrobacterium vitis S4
(GenBank accession no. CP000633.1), A. tumefaciens strain C58
(accession no. AE007869), and Agrobacterium sp. strain H13-3
(accession no. CP002248) revealed identical phn gene orders for
the four organisms, except that the latter three did not contain the
open reading frame located between phnO and phnC of A. radio-
bacter (61-63). It remains to be established if the latter three
strains are able to grow with glyphosate as the P; source. The
amino acid sequence specified by the ORF bears some similarity to
the enzyme pyridoxamine 5-phosphate oxidase (64). A relevance
of this ORF to phosphonate degradation remains to be estab-
lished.

Additionally, some members of the Rhizobiaceae are glyphosate
growth proficient (65), one example of which is Rhizobium legu-
minosarum. Strain WSM1325 contains a single phn locus, located
on the chromosome, with the structure phnGHIJKLOCDEE-
duf,y,5-phnMN. These genes are transcribed in the same direction.
Immediately upstream of phnG, a phnF gene is located and tran-
scribed divergently from the other phn genes (GenBank accession
no. CP001622.1) (66). Finally, Rhizobium etli strain CFN42 also
has a phnFGHIJKLOCDEE-duf,,,s-phnMN gene organization
similar to that of R. leguminosarum (accession no. CP000133.1)
(67).

Burkholderia pseudomallei

Burkholderia (Pseudomonas) pseudomallei strain 22, isolated from
glyphosate-treated soil, is able to utilize glyphosate or AMPA as a
phosphate source (68). The nucleotide sequence of the genome of
this particular strain is not known. However, inspection of the
genome nucleotide sequence of B. pseudomallei type strain 1026b
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reveals some properties of a possible C-P lyase pathway in this
organism. A single locus contains 13 genes or cistrons organized as
a phnGHIJKLMCDE operon and, transcribed divergently, a phnF-
dufp,5-phnN operon (Fig. 2). With duf,,,s replacing phnP, B.
pseudomallei contains a complete set of genes necessary for catab-
olism of alkylphosphonate. Notably, the phn locus of this organ-
ism does not contain a phnO cistron. Additionally, BLAST analysis
with the deduced amino acid sequence of E. coli or S. meliloti phnO
did not reveal a putative phnO ortholog in this organism. Thus, B.
pseudomallei 1026b, in contrast to strain 22, is predicted to be
unable to catabolize AMPA.

Nostoc

Analysis of the phylum Cyanobacteria for the ability to utilize
glyphosate as a source of P; revealed four species. These species are
Nostoc (or Anabaena) sp. PCC7120, Leptolyngbya boryana, Micro-
cystis aeruginosa, and Nostoc punctiforme (69). The genetic orga-
nization of the phn genes of Nostoc sp. PCC7120 is shown in Fig. 2.
There is a single locus consisting of at least three transcriptional
units. One putative transcriptional unit consists of the enzyme-
specifying phnGHOIM-ORF-phnJKLM, the second putative tran-
scriptional unit consists of repressor-specifying phnF, and the
third putative transcriptional unit consists of ABC transporter-
specifying phnCDEE (70). Contrary to most other C-P lyase-con-
taining organisms, there is very little overlap of phn open reading
frames in Nostoc sp. PCC7120. Additionally, the phnO gene is
located at an unusual position, between phnH and phnl, and with
a potential, unprecedented overlap of the coding sequences of
phnH and phnO. The open reading frame located between phnM
and phn] (designated 2HP in Fig. 2) may encode a polypeptide
that is a member of the two-histidine phosphodiesterase super-
family (71). BLAST analysis of Nostoc sp. PCC7120 did not reveal
orthologs of phnN, phnP, or duf,,,s. Thus, hydrolysis of the C-P
lyase product 5-phosphoribosyl 1,2-cyclic phosphate to ribosyl
1,5-bisphosphate and further conversion of the latter compound
must be catalyzed by other enzymes. One of the activities might be
replaced by the two-histidine phosphodiesterase specified by the
open reading frame located between phnM and phnJ. BLAST anal-
ysis with various E. coli, Nostoc sp. PCC7120, or S. meliloti Phn
amino acid sequences did not reveal any phn coding capacity
among the cyanobacterial species L. boryana, M. aeruginosa, or N.
punctiforme.

ORGANISMS WITH UNKNOWN GLYPHOSATE GROWTH
PROFICIENCY

Mesorhizobium loti

Mesorhizobium loti appears to contain three phn loci, one of which
is located on the chromosome and the other two of which are
located on plasmid pMLa (32). The chromosomal locus contains
phnFGHI-fosX-phn]KLO-duf, 4s-phnCDEE, where phnF consti-
tutes a monocistronic operon transcribed divergently from the
remaining 13 genes, which may be expressed as an operon. Thus,
the chromosome encodes an ABC transport system for phospho-
nate (phnCDEE). Furthermore, there is a capacity for the coding
of an incomplete C-P lyase pathway, with the presence of phn-
GHIJKLO-duf, 455 but with a lack of phnM. The duf, 4z, cistron
located between phnO and phnC specifies DUF1868, which is a
member of the two-histidine phosphodiesterase superfamily and,
thus, may catalyze the hydrolysis of the C-P lyase reaction product
5-phosphoribosyl 1,2-cyclic phosphate in place of a phnP-speci-
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fied phosphodiesterase (72). The fosX cistron specifies 1,2-epoxy-
propylphosphonic acid (fosfomycin) hydratase: fosfomycin +
H,0 — 1,2-dihydroxypropylphosphonic acid. Fosfomycin is an
antibiotic that is synthesized by some Streptomyces species (re-
viewed in reference 73) and prevents cell wall synthesis in target
organisms by inhibiting UDP N-acetylglucosamine-3-enolpyru-
vyltransferase (encoded by murA in E. coli) (74). Some steady-
state kinetic constants of fosfomycin hydratase were determined: a
k., 0f0.15 +0.02s ' and ak_/K,, of 500 = 60 M~ s~'. The MIC
of fosfomycin for E. coli expressing fosX was 25 mg liter ', These
values led the authors of that study to suggest that the fosX gene
product may have a biological role in addition to hydrolysis of the
epoxide ring of fosfomycin (75). However, it remains to be es-
tablished if fosX confers fosfomycin resistance in M. loti. It is
furthermore tempting to speculate that this organism, once fosfo-
mycin has been inactivated, degrades the product by the C-P lyase
pathway.

The two loci located on pMLa share extensive similarity. Locus
II contains phnMGHIJKL-duf,,,s-phnN genes, which are likely
expressed as an operon. Locus I contains the same genes with the
addition of six ORFs between phnL and duf,,s. These six ORFs
may encode components of ABC transporter systems apparently
unrelated to phosphonate catabolism. Locus I furthermore con-
tains a phnF cistron, which is transcribed divergently from the
remaining genes. Thus, if duf,,,; replaces phnP, the two loci both
contain the coding capacity for a complete C-P lyase pathway for
alkylphosphonate degradation.

Collectively, M. loti contains a complete set of phn genes suffi-
cient for catabolism of alkyl- and aminoalkylphosphonates, a
phnO ortholog, as well as genes encoding a transport system. Con-
versely, the plasmid loci supply phnM and phnN gene products.
M. loti appears to contain an amount of coding redundancy for
phosphonate catabolism. Data on the growth of M. loti with
glyphosate or AMPA as a P; source are not available.

Bradyrhizobium japonicum

In Bradyrhizobium japonicum, there are four phn transcriptional
units organized at two loci. One locus consists of a putative poly-
cistronic phnGHIJKLMN operon and a second divergently tran-
scribed monocistronic phnF operon. A second locus also consists
of two apparently polycistronic operons, the divergently tran-
scribed phnOM-duf,,,; and phnCDEE operons. Again, the ge-
nome of this organism appears to encode polypeptides for a full
complement for a C-P lyase pathway, provided that duf,,,; re-
places phnP. Additionally, redundancy is observed for phnM and
phnE. Data for the growth of B. japonicum with phosphonate as a
P; source are missing.

Acidithiobacillus ferrooxidans

Acidithiobacillus ferrooxidans has been shown to thrive on methyl-
and ethylphosphonate as the P; source. Growth with glyphosate or
AMPA as a P; source has not been reported. A phn gene cluster has
been identified, which consists of phinGHIJKLM-duf,,,s-phnNF.
With duf,,,s replacing phnP, A. ferrooxidans contains a full com-
plement for alkylphosphonate catabolism. In comparison with E.
coli, A. ferrooxidans lacks only a phnO cistron, and the organism is
therefore predicted to lack the ability to utilize 1-aminoalkylphos-
phonates such as AMPA. Genes encoding transport proteins have
not been identified, which indicates a lack of similarity with other
phosphonate transport system-encoding genes or, alternatively,

186 mmbr.asm.org

that phosphonate is transported as a secondary ligand of a differ-
ent transport system. Additionally, the phnGHIJKLM genes are
expressed as an operon whose expression is derepressed during P;
limitation. An unusual feature of the A. ferrooxidans phn gene
cluster is the location of the phnF ortholog as the terminal gene or
cistron in the gene cluster, possibly cotranscribed with the re-
maining genes, rather than being located next to and divergently
transcribed from the phnG cistron (76, 77).

Trichodesmium erythraeum

The cyanobacterial organism Trichodesmium erythraeum contains
a single phn locus, which consists of phin DCEEGHIJKLM. All of
these genes are transcribed in the same direction and may consti-
tute a hendecacistronic operon, although there is a gap of >800
apparently untranslated nucleotides between phnD and phnC.
Transcription analysis showed that phnD and phnJ expression lev-
els increased during P; depletion. The genome of T. erythraeum
apparently lacks orthologs of phnF, phuN, phnP, duf,,,s and
phnO (78) (Fig. 2). At least phnP or duf,,,s is found among all
organisms known to be able to catabolize phosphonate. At first,
this suggests that T. erythraeum might be unable to utilize phos-
phonate as a P; source. However, this was found to be incorrect, as
T. erythraeum indeed utilizes methylphosphonate, ethylphospho-
nate, and 2-aminoethylphosphonate as P; sources and produces
methane and ethane from the two former compounds, respec-
tively (79). The biochemical pathway for phosphonate utilization
of this organism may therefore deviate from the “standard” C-P
lyase pathway. The presence of phnGHIJKLM suggests the forma-
tion of 5-phosphoribosyl 1,2-cyclic phosphate, the product of C-P
lyase activity. Transformation of the 1,2-cyclic phosphate to a use-
ful phosphate source may occur by a mechanism different from
that of E. coli and other phnP- and phnN-harboring organisms.
For example, C-P lyase may utilize water as a nucleophile, as op-
posed to the 2-hydroxyl of ribose, to directly hydrolyze the puta-
tive covalent ribosyl 1-phosphate—enzyme intermediate. BLAST
analysis of T. erythraeum with the amino acid sequence of E. lenta
5-phosphoribosyl 1,2-cyclic phosphate dihydrolase (locus tag
Elen_0235 of GenBank accession number CP001726.1) (142) as
the query revealed no significant identity.

C-P Lyase of Archaeal Organisms

C-P lyase is not limited to Eubacteria. A few archaeal species con-
tain genes with the coding capacity for a C-P lyase pathway for
phosphonate catabolism. Thus, the chromosomes of Halorhabdus
tiamatea SARL4B (GenBank accession no. HF571520.1) (80), Ha-
loquadratum walsbyi C23 (accession no. FR746099.1) (81), and
Natronomonas moolapensis 8.8.11 (accession no. HF582854.1)
(82) all contain a putative phn GHIJKLM operon. Next to the phnG
cistron, but transcribed divergently, the three organisms contain a
putative phnDCE operon (H. tiamatea) or a putative phnDCEO
operon (H. walsbyi and N. moolapensis). Neither species appar-
ently contains a phnN or a phnP homolog. There are no data
available with respect to the physiological importance of the phn
genes.

SPECIES VARIATION OF THE SPECIFICITY OF C-P LYASE

Among the bacterial species described above, five have been shown to
be able to use glyphosate as a P; source (S. meliloti, O. anthropi, A.
radiobacter, B. pseudomallei, and Nostoc sp. PCC7120), and two
are unable to use glyphosate as a P; source (E. coli and P. stutzeri),

Microbiology and Molecular Biology Reviews


http://www.ncbi.nlm.nih.gov/nuccore?term=CP001726.1
http://www.ncbi.nlm.nih.gov/nuccore?term=HF571520.1
http://www.ncbi.nlm.nih.gov/nuccore?term=FR746099.1
http://www.ncbi.nlm.nih.gov/nuccore?term=HF582854.1
http://mmbr.asm.org

og o0 Q. o N % o-
_O, (0] O’PS _O' (0] o—Ps
HO  OH HO' _ OH
A B
e
-0 o
o 0
o o (0] o o (0]
=P~ p-0- =P~ p-0-
o o-P o © o-P
HO _ OH HO _ OH
NH
o HN\FO
o o
O:J‘:\o e C‘)"O_ OS'ID‘O = % _o-
0 o-PC 0 o-P
HO _ OH HO  OH
E F

FIG 5 Putative substrates for C-P lyase of cells grown with various phospho-
nates. (A) Cells grown with glyphosate; (B) cells grown with AMPA; (C) cells
grown with 2-aminoethylphosphonate; (D) cells grown with 3-aminopropyl-
phosphonate; (E) cells grown with methylphosphonate; (F) cells grown with
phenylphosphonate.

whereas data for the utilization of glyphosate as a P; source are not
available for four species (M. loti, B. japonicum, T. erythraeum, and
A. ferrooxidans). As mentioned above, the ability to use glyphosate
depends on the availability of a transport system for uptake of the
compound as well as an enzyme system with affinity for the com-
pound. The C-P lyase pathway in general has relatively broad sub-
strate specificity compared to those of other phosphonate degra-
dation enzymes or pathways (see below). In addition, it is evident
from the description of the organization of the phn operons given
above and in Fig. 2 that there appears to be an overall unifying
structure of C-P lyases. Thus, the organisms included all contain a
set of phnGHIJKLM genes although not always located as a con-
tiguous gene cluster. In particular, there is some deviation in the
location of the phnM gene, which is sometimes located away from
the phnGHIJKL genes, as seen in S. meliloti, or there appear to be
two copies of phnM, as seen in O. anthropi and A. radiobacter.
Also, the locations of the phnO, phnN, and phnP genes vary to
some extent, if they are present at all. In E. coli, the phnO gene is
located between phnN and phnP; in S. meliloti, O. anthropi, A.
radiobacter, and M. loti, it is located downstream of and overlap-
ping the phnL cistron; and in Nostoc sp. PCC7120, it is located at
yet a different position relative to the remaining phn genes. As
mentioned above, a phnP gene is frequently missing, but in all the
phnP-less strains, it may be replaced by the duf,,,; gene. Finally, a
phnN gene is present in all the organisms except for Nostoc sp.
PCC7120.

In view of the broad substrate specificity, it comes as no sur-
prise that C-P lyase is able to cleave the C-P bond of glyphosate.
Figure 5 shows the structure of substrates for C-P lyase in profi-
cient cells supplemented with various phosphonates. Rather, in
view of the similarity of the genetic organization of the phn oper-
ons of various organisms, and, therefore, apparently similar enzy-
matic activities, it may seem surprising that not all C-P lyases
apparently possess affinity toward glyphosate. In addition to the
internalization process and C-P lyase, two enzymatic activities are
necessary for conversion of phosphonate, namely, the activation
steps catalyzed by purine ribonucleoside triphosphate phospho-
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FIG 6 Hydrolytic and oxidative cleavage of C-P bonds. (A) Transformation of
phosphonoalanine (compound 1) to P; and pyruvate (compound 3) via phos-
phonopyruvate (compound 2). Enzymes: I, phosphonoalanine:a-ketogluta-
rate transaminase; II, phosphonopyruvate phosphohydrolase. (B) Transfor-
mation of phosphonoacetate (compound 4) to P; and acetate (compound 5)
catalyzed by phosphonoacetate phosphohydrolase (enzyme III). (C) Transfor-
mation of 2-aminoethylphosphonate (compound 6) to P; and acetaldehyde
(compound 8) via phosphonoacetaldehyde (compound 7). Enzymes: IV,
2-aminoethylphosphonate:pyruvate transaminase; V, phosphonoacetalde-
hyde phosphohydrolase; VI, phosphonoacetaldehyde dehydrogenase. (D) Ox-
idative transformation of 2-aminoethylphosphonate (compound 6) to P; and
glycine (compound 10) via 2-amino-1-hydroxyethylphosphonate (com-
pound 9). Enzymes: VII, a-ketoglutarate-dependent 2-aminoethylphospho-
nate dioxygenase (PhnY); VIII, 2-amino-1-hydroxyethylphosphonate oxy-
genase (PhnZ).

nylase (apparently an activity of the PhnGHIJK protein complex)
and by 5’-triphosphoribosyl 1’'-phosphonate diphosphohydro-
lase (specified by phnM) (Fig. 3). Thus, there are quite a few ac-
tivities that may contribute to variations in the specificity of the
overall C-P lyase pathway.

Enzymes or pathways with narrow substrate specificity are
responsible for the conversion of phosphonoalanine, phospho-
noacetate, and 2-aminoethylphosphonate, as summarized in
Fig. 6. 2-Aminoethylphosphonate is converted to phosphono-
acetaldehyde by transamination catalyzed by 2-aminoethyl-
phosphonate:pyruvate transaminase and subsequent hydroly-
sis of phosphonoacetaldehyde to P; and acetaldehyde catalyzed
by phosphonoacetaldehyde phosphohydrolase (83-85). Alter-
natively, phosphonoacetaldehyde is oxidized to phosphonoac-
etate catalyzed by phosphonoacetaldehyde dehydrogenase
(59). Also, hydrolytic activities for phosphonoacetate (59, 86—
90) as well as for phosphonopyruvate (91) have been described,
and a hydrolytic activity for phosphonoformaldehyde has been
suggested (21). Phosphonopyruvate in turn may be formed by
the activities of phosphoenolpyruvate phosphomutase or
phosphoalanine:2-oxoglutarate transaminase (91-93). Finally,
2-aminoethylphosphonate may be oxidatively converted to P;
and glycine with the intermediate formation of 2-amino-1-
hydroxyethylphosphonate (94, 95). Accounts of these highly
specific enzymes in microbial metabolism have been reported
previously (96, 97).

AMINOALKYLPHOSPHONATE N-ACETYLTRANSFERASES

Acetylation has been shown to be crucial for the utilization of
AMPA by E. coli. Thus, phnO strains are unable to grow with
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FIG 7 Alignment of amino acid sequences of E. coli (Ec) and S. enterica (Se) aminoalkylphosphonate N-acetyltransferases and putative S. meliloti (Sm) and R.
pomeroyi (Rp) aminoalkylphosphonate N-acetyltransferases. Asterisks above the sequences indicate identical amino acid residues in all four sequences, whereas
asterisks below the sequences indicate identical amino acids in S. meliloti and R. pomeroyi aminoalkylphosphonate N-acetyltransferase sequences. Amino acid
residues highlighted in white on a red background are believed to be involved in the binding of the substrate acetyl coenzyme A (98, 99).

AMPA as the sole P; source. Additionally, the catabolism of the
S-enantiomer of 1-aminoethylphosphonate requires acetylation.
It has been suggested that the presence of a formal positive charge
on the amino group might destabilize a carbon-centered radical
formed during C-P bond cleavage and that this positive charge
might be alleviated by acetylation (39). Given the broad and sim-
ilar specificities among C-P lyase pathways of various bacterial
species, it is likely that acetylation of 1-aminoalkylphosphonates is
a requisite for catabolism of these compounds by all C-P lyases.
BLAST analysis with the E. coli and S. enterica phnO-specified
amino acid sequences, which share 78% identity, as queries re-
vealed that this sequence is found only among Enterobacteriaceae.
A large number of bacterial species revealed aminoalkylphos-
phonate N-acetyltransferase amino acid sequences with iden-
tities of approximately 30% or lower. Examples of these are the
amino acid sequence of the S. meliloti 1021 phnO open reading
frame, i.e., the cistron located immediately downstream of and over-
lapping S. meliloti phnL, and the Ruegeria (Silicibacter) pomeroyi
phnO open reading frame, i.e., the cistron located immediately
downstream of R. pomeroyi phnE (Fig. 2). The S. meliloti and R.
pomeroyi phnO-specified amino acid sequences share 52% iden-
tity. Conversely, BLAST analysis with this S. meliloti phnO-speci-
fied amino acid sequence revealed a relatively high identity (50%
or more) of N-acetyltransferases in a large number of species other
than Enterobacteriaceae. Thus, there appear to be two different
classes of aminoalkylphosphonate N-acetyltransferases. Repre-
sentatives of one class are S. enterica and E. coli aminoalkylphos-
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phonate N-acetyltransferases, whose activities have been confirmed
experimentally, whereas representatives of the other class of amino-
alkylphosphonate N-acetyltransferases are those specified by S. meli-
loti and R. pomeroyi phnO, whose function is assessed by sequence
comparison with other acetyltransferases. An alignment of the
amino acid sequences specified by the phnO genes of the four
organisms is shown in Fig. 7. The overall sequence identity is poor
(7%). Amino acid residues involved in the binding of acetyl coen-
zyme A are highlighted in the E. coli and S. meliloti PhnO amino
acid sequences. These amino acid residues were assigned upon
sequence alignments with Tetrahymena GCNS5, an enzyme with
acetyltransferase activity, and Enterococcus faecium streptogramin
acetyltransferase, both of which have known three-dimensional
structures (98, 99). The amino acid sequence of the S. meliloti
phnO gene is a member of the so-called hexapeptide repeat-trans-
ferase family, which uses acyl coenzyme A as the substrate and a
variety of acceptors (100). Genes for this hexapeptide repeat-
transferase family are frequently located among phosphonic acid
catabolic genes.

Results of a detailed kinetic analysis of aminoalkylphosphonate
N-acetyltransferase from S. enterica have been published. The en-
zyme accepts a variety of acetyl acceptors, including AMPA,
2-aminoethyl- and 3-aminopropylphosphonate, (S)-1-amino-
ethyl- and 1-aminopropylphosphonate, and, less efficiently, 1-
and 4-aminobutylphosphonate. In contrast, (R)-1-aminoethyl-
phosphonate is not a substrate. The k_,/K,,, values of the various
acetyl acceptors range between 38 M™' s™' (4-aminobutylphos-
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phonate) and 7.8 X 10* M~ s™' [(S)-1-aminoethylphospho-
nate]. Additionally, the enzyme accepts acetyl coenzyme A, pro-
pionyl coenzyme A, and, less efficiently, malonyl coenzyme A as
acyl donors. A divalent metal ion, preferably Mn**, Ni**, or
Co**, is required for activity. The physiological role of S. enterica
aminoalkylphosphonate N-acetyltransferase is not fully under-
stood, partially due to the lack of mutant phnO alleles. S. enterica
does not harbor the C-P lyase pathway. It has been suggested,
however, that the enzyme serves to protect the organism from the
bactericidal effect of the p-alanine analog (S)-1-aminoethylphos-
phonate (101). Curiously, S. enterica contains the enzymes 2-ami-
noethylphosphonate transaminase (encoded by phnW) and phos-
phonoacetaldehyde phosphohydrolase (encoded by phnX), which
are responsible for extraction of P; from 2-aminoethylphospho-
nate. The activity of phnO-specified aminoalkylphosphonate N-
acetyltransferase converts 2-aminoethylphosphonate to 2-N-ac-
etamidoethylphosphonate and, thus, makes it unavailable for
2-aminoethylphosphonate transaminase. Presumably, in S. en-
terica, the phnO gene and the phnWX operon are not expressed
simultaneously.

The properties of E. coli aminoalkylphosphonate N-acetyl-
transferase resemble those of the S. enterica enzyme. The specific-
ity of the two enzymes is essentially the same, except that the E. coli
enzyme accepts (R)-1-aminoethylphosphonate as an acetyl accep-
tor even though the organism cannot use this compound as a P;
source (39).

C-P LYASE CATABOLISM VERSUS OXIDATION OF
GLYPHOSATE

C-P Lyase Activity with Glyphosate as the Substrate

As mentioned above and as indicated in Fig. 1, glyphosate may be
catabolized by either of two pathways for utilization of the phos-
phonyl moiety as a P; source: (i) by the C-P lyase pathway, result-
ing in the transfer of the phosphorus to PRPP, or (ii) by oxidative
cleavage of a carbon-nitrogen bond, resulting in the formation of
AMPA. The phosphorus of AMPA is similarly transferred to PRPP
by the C-P lyase pathway. In addition to the organisms described
above and in Fig. 2, a number of observations with other species
have been made.

A total of 133 environmental bacterial strains were isolated
from glyphosate-treated as well as nontreated soil. Among these
strains, 26 were able to utilize glyphosate as a P; source (5 of the
strains were isolated from untreated soil, 15 were isolated from
glyphosate-treated soil, and 6 were isolated from the river Rhine).
After incubation with [3-'*C]glyphosate, all 26 strains produced
the C-P lyase reaction product N-methylglycine, indicating that
C-P lyase acted on glyphosate (or a derivative thereof) and, thus,
without the involvement of glyphosate oxidase. The data further-
more excluded the presence of glyphosate oxidase activity, as no
radiolabeled AMPA was observed. Twenty-four of the 26 strains
also utilized AMPA as a P; source (102).

In addition, for Pseudomonas sp. PG2982, a derivative of Pseu-
domonas aeruginosa ATCC 9027 obtained as a subculture after
glyphosate treatment (103), solid-state "’N and "°C nuclear mag-
netic resonance (NMR) performed on cells grown in the presence
of [2-"°C,"’N]glyphosate, [3-'>C,"’N]glyphosate, or [1-"°C]
glyphosate was used to demonstrate the conversion of glyphosate
to glycine and, thus, presumably with N-methylglycine as an in-
termediate, consistent with catabolism of glyphosate by the C-P
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lyase pathway (103). Subsequently, by using [1-'*C]glyphosate,
[2-""C]methylglycine, [3-'*Clglyphosate, [*H]glyphosate, or
[1,2-"*C]glyphosate, N-methylglycine was found as an intermedi-
ate, once again consistent with catabolism of glyphosate by the
C-P lyase pathway (104, 105).

Furthermore, in a number of species of Rhizobiaceae, N-meth-
ylglycine is the immediate catabolic product after incubation with
[1-"°C]glyphosate (65), and Arthrobacter sp. GLP-1 similarly con-
verted glyphosate to glycine and a one-carbon compound, as
shown by solid-state NMR and by radiotracer experiments (106).
Similarly, Alcaligenes sp. strain GL converted [3-'*C]glyphosate to
N-["*C]methylglycine and [*C]glycine as well as other radiola-
beled amino acids derived from glycine, demonstrating the pres-
ence of C-P lyase activity with affinity for glyphosate in this organ-
ism. Pseudomonas sp. strain LBr, which was isolated from a
glyphosate waste stream, cleaved the C-P bond of glyphosate in an
amount sufficient for the P; supply, as described further below
(107). Also, Pseudomonas sp. GS catabolized glyphosate through
the C-P lyase pathway (108, 109).

Conversion of Glyphosate to AMPA

AMPA is a substrate for the C-P lyase pathway. Indeed, a number
of bacterial species have been shown to be able to use AMPA asa P;
source, including E. coli (39), S. meliloti (47), Arthrobacter sp.
GLP-1 (106), Arthrobacter atrocyaneus ATCC 13752 (110), Bacil-
lus megaterium, Pseudomonas sp. strains 4ASW and 7b (111), as
well as Pseudomonas sp. strain LBr (107). Additionally, among the
133 environmental bacterial strains mentioned above, 55 were
able to use AMPA as a P; source (102). Pseudomonas sp. strain LBr
efficiently catabolized glyphosate by converting it to AMPA, i.e.,
by oxidation of the carboxy-methylene-nitrogen bond, as shown
by solid-state '"’C NMR on cells grown in the presence of
[°C,"°N]glyphosate. As mentioned above, Pseudomonas sp. strain
LBr was also able to cleave the C-P bond of glyphosate, as demon-
strated by the conversion of [2-'°C,'’N]glyphosate to [2-
C,"®N]glycine. Quantitatively, the glycine formation amounted
to approximately 5% of the total glyphosate catabolism; i.e., the
C-P bond cleavage/glycine formation process is sufficient to meet
the P; need of the cell. Similarly, AMPA could be cleaved in
amounts sufficient to meet the need for P; (107).

A single strain, A. atrocyaneus ATCC 13752, appears to degrade
glyphosate solely by oxidation with formation of AMPA. This
conclusion is based on the following observations: ['*C]glypho-
sate is converted to ['*C]AMPA as well as to '*CO,. In addition,
no radiolabel is found in cellular components such as proteins or
nucleic acids, which would be expected if the metabolite
N-["*C]methylglycine, ['*C]methyltetrahydrofolate, or ['*C]gly-
cine had been formed. Additionally, glyphosate is utilized as a P;
source by A. atrocyaneus ATCC 13752. When A. atrocyaneus
ATCC 13752 was grown simultaneously with equimolar quanti-
ties of P; and ['*C]glyphosate, ['*C]JAMPA and '*CO, were gen-
erated although only after the complete disappearance of P;.
["*C]AMPA accumulated to 30% of the total radioactivity, con-
sistent with one carbon in AMPA and three in glyphosate. Never-
theless, the cell density simultaneously almost tripled (110). It is
therefore plausible that the P; necessary for this increment in cell
mass originated from C-P bond cleavage of glyphosate rather than
by C-P bond cleavage of AMPA. Additionally, the amount of
CO, generated under these conditions apparently did not orig-
inate from AMPA. It is likely, therefore, that N-methylglycine ca-
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tabolism in A. atrocyaneus ATCC 13752 is different from that of
the other species described.

Glyphosate Oxidation

Organisms that utilize the phosphonate-phosphorus of glypho-
sate via conversion to AMPA initially cleave glyphosate by means
of the activity of an oxidase with specificity for glyphosate (Fig. 1).
Two such enzymes have been identified: glyphosate oxidase and
glycine oxidase. A glyphosate oxidase-encoding gene (gox) was
identified in a gene library of Pseudomonas sp. strain LBAA, a
strain isolated from a glyphosate process waste stream facility, for
its ability to provide growth of E. coli with glyphosate as a P;
source. As E. coli is AMPA growth proficient (and glyphosate
growth deficient), uptake of glyphosate followed by cleavage to
AMPA was predicted to provide growth of E. coli. However, the
affinity of glyphosate oxidase, the product of the cloned gox gene,
was low, as kinetic analyses revealed an apparent K,, value of 27
mM and an apparent V. value of 0.8 pmol (min - mg pro-
tein) "', Mutant glyphosate oxidase variants were easily obtained
by in vitro manipulation of the gox gene (11). Similar to glyphosate
oxidase, glycine oxidase (encoded by thiO) of Bacillus subtilis has a
low affinity for glyphosate (apparent K, value of 87 mM), but, as
with glyphosate oxidase, mutant glycine oxidase variants with im-
proved kinetic parameters were isolated following in vitro manip-
ulation of the thiO gene (112). The gox and thiO genes have been
manipulated to improve their kinetic parameters for glyphosate as
a substrate, with the aim of inserting them into plant cells to make
these plants glyphosate tolerant, as described above. A physiolog-
ical role of glyphosate oxidase, glycine oxidase, or some other
glyphosate cleavage enzyme in glyphosate catabolism remains to
be established.

In general, and in contrast to C-P bond-cleaving activities, the
regulation of the activity of glyphosate-oxidizing enzymes is inde-
pendent of the P; source (107), except for the activity described
above for A. atrocyaneus ATCC 13752, where the glyphosate-
cleaving and AMPA-forming activity appeared to be controlled by
the P; supply (110). It is possible that other hitherto undisclosed
enzymes will be able to cleave the carboxy-methylene-nitrogen
bond of glyphosate.

Interestingly, at least in one example of the 26 glyphosate-pro-
ficient environmental strains mentioned above (see Fig. 2 in ref-
erence 102), the conversion of glyphosate (2 mM) in the presence
of AMPA or methylphosphonate (0.2 mM each) was much less
prominent than that in the absence of AMPA or methylphospho-
nate, which shows that the entire process (i.e., the transport of
phosphonate and the C-P lyase pathway) of this particular strain
(shown as an example in reference 102) had a remarkable prefer-
ence for AMPA or methylphosphonate over glyphosate.

The relative contribution of the C-P lyase pathway versus the
glyphosate oxidase (or glycine oxidase)/C-P lyase pathway to the
physiological extraction of glyphosate-phosphorus is difficult to
assess. However, the general pattern seems to be that the C-P lyase
pathway is predominant and that the glyphosate oxidase (or gly-
cine oxidase)/C-P lyase pathway is acquired under conditions of
selective pressure for detoxification of glyphosate, i.e., in environ-
ments with increased concentrations of glyphosate or other phos-
phonic acids. Thus, the glyphosate oxidases characterized to date
appear to have quite poor kinetic properties for glyphosate, al-
though these properties can be easily improved by in vitro manip-
ulation of the encoding genes (reviewed in reference 2). These
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types of improvements very likely also occur under environmental
conditions, and such alterations may account for the occurrence
and improvement of glyphosate oxidase activity in situ after adap-
tion to detoxification and growth in nature.

Glyphosate-Utilizing Species and Strains without
Assignment of a Pathway

A number of bacterial species, such as A. radiobacter (60) and S.
meliloti (47), have been shown to utilize glyphosate as a P; source
without assignment of the pathway. BLAST analysis with the gly-
cine oxidase amino acid sequence, specified by thiO of B. subtilis,
or with the glyphosate oxidase amino acid sequence, specified by
gox of O. anthropi, as queries on A. radiobacter K84 and S. meliloti
1021 genome sequences revealed neither glycine oxidase- nor
glyphosate oxidase-specifying genes in these organisms. Similar
results were obtained by BLAST analysis of the genomes of B.
pseudomallei and Nostoc sp. PCC7120. Thus, the pathway for
glyphosate catabolism, oxidation or C-P lyase, in these species
remains uncharacterized.

The thermophile Geobacillus caldoxylosilyticus T20, isolated
from central heating system water, is able to utilize glyphosate as a
P; source by converting the compound to AMPA and glyoxylate,
and the activity of glyphosate oxidase was measurable in vitro. In
contrast, exogenously supplied AMPA could not be used as a P;
source. Quantitation of the disappearance of glyphosate and the
appearance of AMPA showed that, as expected, glyphosate-phos-
phorus was consumed by growth. Additionally, glyphosate utili-
zation occurred only under conditions of P; deprivation. The au-
thors of that study concluded that AMPA formed intracellularly
from glyphosate is catabolized by C-P lyase and that AMPA can-
not be taken up by the cells (113). Although this organism obvi-
ously oxidizes glyphosate, the origin of the P; extraction capability
remains unclear. Although isolated from an apparent glyphosate-
less environment, it may have been exposed to glyphosate prior to
inclusion in the central heating system water, or alternatively, the
central heating system may have been treated with a phosphonic
acid derivative, which may have been used to prevent the forma-
tion of scales and which may have caused adaption of the organ-
ism to utilize phosphonate.

Glyphosate and AMPA Utilization Is Regulated by the P,
Level

Glyphosate catabolism appears to be regulated by the P; supply.
Thus, transport and catabolism of glyphosate are completely abol-
ished by the presence of P; in cells of Arthrobacter sp., presumably
by repressing the synthesis of the polypeptides responsible for
these processes (19). Similarly, utilization of glyphosate by Pseu-
domonas sp. strain PG2982 was observed only under conditions of
P; limitation (20). Although the mechanism of glyphosate trans-
port in these organisms is unknown, it is likely that glyphosate is
taken up by a transport system(s) whose genes are regulated by the
P; supply. Also, the catabolic pathway is regulated by the P; supply.
These results are thus consistent with the regulation of phospho-
nate catabolism in other organisms.

Numerous microbial species respond to the environmental P;
supply through a two-component signaling pathway. The PhoR
and PhoB proteins constitute one such signaling pathway, which
is responsible for the regulation of expression of a number of
operons, the Pho regulon, whose products are involved in the
assimilation of P; as well as in the acquisition of P; from alternative
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phosphorus sources. The PhoR protein is a sensory histidine ki-
nase and is an integral membrane protein, whereas PhoB is a re-
sponse regulator and binds to DNA in its active, phosphorylated
state (114). In E. coli, the sensing of the environmental P; supply
and subsequent mediation of this information to PhoR are be-
lieved to also involve the five gene products of the pstSCAB-phoU
operon, which encode the P; transporter (Pst) as well as well as a
chaperone-like protein (PhoU). Hence, the Pho regulon may be
regulated by a seven-component signaling system (115). At a low
environmental P; concentration, i.e., <4 uM, the signaling path-
way is activated, resulting in the phosphorylation of PhoR and,
subsequently, PhoB. Phosphorylated PhoB binds to the Pho regu-
lon promoters and recruits RNA polymerase, upon which Pho
operons are transcribed. PhoB specifically binds to an 18-bp con-
sensus sequence, a Pho box. The E. coli Pho regulon currently
consists of 31 genes or cistrons organized into nine transcriptional
units, one of which is the phn operon. In E. coli K-12, phn operon
transcription is initiated 24 nucleotides prior to the adenine nu-
cleotide of the sequence specifying the AUG initiation codon. Ad-
ditionally, a Pho box is located with a spacing of 59 nucleotides to
that particular adenine residue. Binding of the PhoB protein to
this Pho box has been demonstrated experimentally (24).

The expression of the E. coli phn operon has been studied by
whole-transcriptome shotgun sequencing (RNA-Seq) technology
(116). These data showed the presence of several transcription
units under different growth conditions. Thus, heat shock or
growth in rich medium induced low-level expression of the
phnCDE and phnNOP cistrons, whereas P; starvation induced ex-
pression of the entire 14-cistron operon. Furthermore, the
phnCDE cistrons appeared to be expressed in minimal medium
independently of the P; supply. This expression of phnCDE is in
accordance with previous studies with phn-uidA gene fusions that
indicated a regulatory site located between phnE and phnF. In
addition, certain insertion mutations in phnN unexpectedly did
not exert a polar effect on the expression of phnP, which may be
explained by the presence of a separate transcriptional unit com-
prising at least the phnP cistron (29).

Although the dynamics of Pho regulon regulation have been
studied primarily in E. coli, phoB orthologs are widespread among
microorganisms. BLAST analysis revealed that all of the organ-
isms in Fig. 2 contain phoR and phoB orthologs. In addition, con-
served Pho boxes have been identified in a number of these organ-
isms. These Pho boxes are indicated by asterisks below the arrows
representing the transcripts in Fig. 2. Thus, a Pho box is located in
front of the P. stutzeri htx operon with a spacing of 135 bp to the
adenylate residue of the AUG-encoding sequence (117). By using
a position weight matrix algorithm, Pho boxes were identified in
front of phnG and phnC of S. meliloti (118). Additionally, expres-
sion of the S. meliloti phnCDEE operon as well as the phnMN genes
and, thus, presumably also duf;,,; requires expression of phoB
(119, 120). The above-mentioned position weight matrix algo-
rithm furthermore revealed a number of Pho boxes in M. loti, B.
japonicum, and A. tumefaciens. Thus, Pho boxes are located in
front of the M. loti phnG cistron in the chromosome and in front
of the phnM cistron in pMLa locus I. A Pho box is also located in
front of the B. japonicum phnG cistron, and two Pho boxes are
located between phnC and phnO, presumably one for the
phnCDEE transcript and another for the phnOM-duf,,,s tran-
script. Finally, Pho boxes were found in A. tumefaciens C58 in
front of phnG and phnC (118). It is therefore likely that the genes
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phnG to phnN are expressed as two transcriptional units. The ge-
netic arrangement of the phn genes of A. tumefaciens C58 is similar
to that of A. radiobacter except for the ORF located between phnO
and phnC. This ORF is absent in A. tumefaciens C58 (61).

The phnF-specified putative regulatory protein is a member of
the widespread GntR superfamily of regulator proteins (121).
These proteins, which are active as dimers, consist of an N-termi-
nal domain, sometimes called a the functional output domain, of
approximately 75 amino acid residues, where the DNA-binding
helix-turn-helix motifis located, and a C-terminal domain, some-
times called the effector domain, where the effector binding se-
quences as well as sequences necessary for dimerization are lo-
cated. Among the GntR superfamily members, the C terminus
varies, and four subfamilies have been identified, of which PhnF
belongs to the HutC subfamily (122). Remarkably, each of the 12
organisms included in Fig. 2 except for T. erythraeum contains a
phnF ortholog. As mentioned above, the M. smegmatis phnF gene
encodes a repressor of expression of the phosphate transporter-
encoding phnDCE operon (38). The M. smegmatis and E. coli
PhnF amino acid sequences share 32% identity. The amino acid
sequence identity of E. coli PhnF with PhnF proteins of the 10
other phnF-harboring organisms included in Fig. 2 ranges from
29% (B. japonicum) to 41% (P. stutzeri). It is likely, therefore, that
the E. coli phnF gene, as well as the phnF genes of the remaining
organisms, also specifies repressors of phn operon expression.
Thus, phosphonate catabolism appears to be controlled by a dual
regulatory mechanism: activation of transcription mediated by
PhoB and repression mediated by PhnF. The rationale for this dual
mechanism is that phn operon expression requires P; deprivation and
that phn operon expression is necessary only when phosphonate is
actually present. Thus, under conditions of P; limitation in the ab-
sence of phosphonate, the phn operon remains unexpressed due to
PhnF-mediated repression. Consequently, phosphonate would be
the logical inducer of phn operon expression. However, free phos-
phonic acid may not be the actual inducer. Instead, a phosphonicacid
derivative, such as the phosphonate catabolic pathway intermediate
5'-triphosphoribosyl 1’-phosphonate (similar to compound 2) (Fig.
3) or 5'-phosphoribosyl 1’-phosphonate (similar to compound 3)
(Fig. 3), may be the inducer. Alternatively, the C-P lyase reaction
product 5-phosphoribosyl 1,2-cyclic phosphate (compound 5) (Fig.
3) may be the inducer. From a mechanistic point of view, the latter
compound may seem to be the most attractive inducer, as the com-
pound is a common intermediate in the catabolism of all phospho-
nates. All of the compounds mentioned above are specific for the C-P
lyase pathway. In contrast, the C-P lyase pathway intermediates ribo-
syl 1,5-bisphosphate and PRPP (compounds 6 and 7, respectively)
(Fig. 3) are less likely as candidates for inducers, as these compounds
are also constituents of other metabolic pathways. There are several
catabolic pathways in microbial metabolism where the inducer is a
catabolic pathway intermediate rather than the substrate itself. Thus,
the inducer for the deoR-specified repressor of the deoCABD operon,
which specifies enzymes involved in deoxyribonucleoside catabo-
lism, is deoxyribose 5-phosphate, an intermediate of the catabolism
of deoxyribonucleosides formed after phosphorylase (encoded by
deoA)- and phosphomutase (encoded by deoB)-catalyzed reactions
(123).

A dual activation-and-repression mechanism consisting of the
two-component sensor kinase response regulator system SenX3-
RegX3 and the PhnF repressor has been proposed for the regula-
tion of the transcription of the M. smegmatis phnDCE and phnF
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operons. The two operons are divergently transcribed, and the
phnD and phnF open reading frames are separated by 202 bp,
which contain two presumptive PhnF-binding sites (38). This ar-
rangement, i.e., divergent transcription of phnF and phnD, resem-
bles that of phnF and phnG of the majority of the phn operons of
the organisms described in Fig. 2, the exceptions being the phn
operons of E. coli, where phnF is cotranscribed with all of the other
phn cistrons; P. stutzeri, where phnF is the fourth cistron of the
operon; and A. ferrooxidans, where phnF is located downstream of
the remaining phn genes. The intergenic distances (i.e., the dis-
tances between the open reading frames) of phnF and phnG of the
organisms in Fig. 2 vary from 62 or 63 bp (B. japonicum and A.
radiobacter, respectively) to 355 or 373 bp (Nostoc sp. PCC7120
and M. loti pMLa locus I, respectively). The position of the PhnF-
binding sites or the nucleotide sequence of these sites is so far
unknown, apart from those of M. smegmatis.

Attempts to examine an effect of glyphosate on genome-wide
transcription in E. coli have been conducted. Thus, cells were
grown in the presence of a somewhat nonphysiological concen-
tration of glyphosate (0.2 M), and transcriptional activity was
found to be altered for >1,000 genes. The vast majority of these
alterations was an increase of the transcription level by approxi-
mately 2-fold. The transcription of each of the cistrons phnD,
phnE, phnG, phnH, phnl, and phn] was also increased by a factor of
2. An exception to this 2-fold response was the proVWX operon,
the transcription of which was increased >10-fold (124). Thus,
the possibility exists that in addition to a glyphosate shock, the
cells were also exposed to an osmotic shock, which has been shown
to affect the transcription of proVWX (125). Finally, cells were
grown in the presence of 0.07 M P;, which may have hampered the
uptake and eventual processing of glyphosate.

FUTURE PERSPECTIVES

Individual Polypeptides and Their Contribution to the C-P
Lyase Reaction

The elucidation of the structure of all of the intermediates of the
C-P lyase pathway as well as procedures for chemical synthesis or
isolation from growth media of some of these intermediates make
an in vitro analysis of C-P lyase properties with glyphosate and
other phosphonates as the substrate possible in the near future.
Hitherto, the only C-P lyase substrate synthesized is 5'-phospho-
ribosyl 1’-methylphosphonate (41), and the only C-P lyase sub-
strate isolated from cells is 5'-phosphoribosyl 1'-(2-N-acetami-
doethylphosphonate) (39). Such in vitro analyses, which are now
available, together with the discovery of the multisubunit Phn-
GHIJK protein complex may answer a longstanding question
concerning C-P lyase: why are so many gene products required
to cleave a C-P bond? A partial answer is the existence of a
whole pathway for phosphonate transformation. In addition,
the many polypeptides may constitute the components of a
holoenzyme, the core of which is formed by PhnGHIJK. Does
each component of this holoenzyme have an active site per-
forming a distinct reaction related to and including C-P bond
cleavage, or is there a mix of scaffold, regulatory, and catalytic
roles? The elucidation of the crystal structure of the PhnGHIJK
protein complex as well as the remaining polypeptides will be
helpful in this process as well.

Additionally, an analysis of polypeptides required for glypho-
sate transport would be desirable, and answers to some of these
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FIG 8 Proposed phosphonate proteome and transport metabolon of E. coli.
(A) The 14-cistron phn operon. The color code is the same as that described in
the legend of Fig. 2. (B) Proposed location of phn-specified polypeptides. In-
dividual polypeptides are identified by their cistron designation and a color
code similar to that of the encoding cistrons in panel A; i.e., red spheres indi-
cate the ABC transport system, blue spheres indicate polypeptides with as-
signed enzymatic function, the green sphere indicates the putative repressor of
phn operon expression, and black spheres indicate auxiliary polypeptides
without an assigned biochemical function.

questions might be straightforward. Thus, the knockout of the
transport system-encoding genes of the glyphosate growth-profi-
cient strain S. meliloti 1021 would reveal if glyphosate is trans-
ported by the phosphonate-specific ABC transport system and, if
so, whether the expression of these genes from other organisms
may provide glyphosate growth proficiency.

The Phosphonate Proteome and Transport Metabolon

Intimately connected to the function of the various Phn polypep-
tides are their location and organization within the cell. Figure 8
shows a schematic representation of the genetic organization of
the phn operon as well as a proposal for the cellular location of the
various phn operon-specified polypeptides in E. coli. A number of
protein-protein interactions are suggested in Fig. 8. However, ex-
perimental interactions are provided only for the PhnGHIJK pro-
tein complex. All of the genes of the phn operon have been cloned
and expressed from various overproducing plasmid vectors, and
all of the encoded polypeptides except PhnE and PhnC have been
identified by electrophoresis in sodium dodecyl-containing poly-
acrylamide gels (22, 29, 3941, 47, 52, 126; B. Hove-Jensen, un-
published results). The phnE gene encodes a membrane-spanning
protein, and phnC encodes an ATP-binding protein of the trans-
porter. Similarly, phnK and phnL have been assigned ATP-bind-
ing-component functions of the phosphonate transporter based
on amino acid sequence alignment with known ATP-binding
polypeptides (23). The presence of three apparent ATP-binding
polypeptides of the E. coli phn operon is unique among ABC trans-
porters. Furthermore, none of the three cistrons phnC, phnK, and
phnL complements one another, as individual knockout of any of
the three cistrons results in a phosphonate growth-deficient phe-
notype (29). The remaining polypeptides, PhnF, PhnG, PhnH,
Phnl, PhnJ, PhnM, PhnN, PhnO, and PhnP, have been postulated
to be located in the cytoplasm, and all of them (except for PhnF,
which has not been characterized) have been isolated in a soluble
form but for some of them only as tagged versions or as part of the
PhnGHIJK protein complex (39-41, 52, 101, 126). Of particular
interest is the PhnK polypeptide, which is a component of the
PhnGHIJK protein complex and which may also be an ATP-bind-
ing component of the transporter. Speculations have therefore
arisen that the function of PhnK is to attach the protein complex
to the transporter and that PhnK therefore is responsible for at-
tachment of the protein complex to the cytoplasmic membrane,
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which may cause the coupling of transport and catabolism of
phosphonic acids (40). Additionally, the phinGHIJK cistrons, i.e.,
the cistrons encoding the PhnGHIJK protein complex, show
translational coupling. Similarly, phnLMNO also show transla-
tional coupling. Do the products of these cistrons also form a
protein complex? It is possible that phosphonate catabolism in-
volves the formation of one or more transport metabolons, i.e.,
the transient formation of protein complexes responsible for
transport and for enzymatic function (127, 128). The obvious ad-
vantage of this arrangement for the cell is the efficient transport
and catabolism of phosphonate by the channeling of the various
intermediates between the reaction centers of the various poly-
peptides.

Biochemical Function of Additional phn Operon Products

In organisms such as E. coli, the 14 phn cistrons appear to be
sufficient for phosphonate transport and catabolism, i.e., the
transformation of phosphonate-phosphorus to a compound such
as PRPP, which is utilizable by the cell by means of other non-phn-
encoded enzymes. A survey of the phosphonate catabolism-spec-
ifying gene clusters (Fig. 2) reveals additional open reading frames
whose gene products do not have an assigned biochemical func-
tion. Examples of these gene products are DUF1045 of S. meliloti,
O. anthropi, A. radiobacter, M. loti, and B. japonicum and the two-
histidine phosphodiesterase of Nostoc sp. PCC7120. Both of these
types of genes are quite widespread among phn gene clusters, and
an elucidation of the biochemical function of their gene products
seems pertinent.

PhnF-Mediated Regulation of phn Operon Expression

The expression of the phn operon in many microbial organisms
requires transcriptional activation mediated by PhoB. All of the
organisms dealt with in Fig. 2 except for T. erythraeum addition-
ally contain a phnF homolog believed to specify a repressor pro-
tein. This additional level of regulation seems highly reasonable,
with the argument being, why express the phn operon and synthe-
size 14 polypeptides if there is no need for them? The regulatory
mechanism of PhnF is presently unknown and should be further
studied.

CONCLUSION

Several chemical mechanisms exist for the degradation of phos-
phonic acids. Among the various pathways known to cleave C-P
bonds, the C-P lyase pathway has the broadest substrate specificity
and is the only known pathway for the extraction of phosphorus
from glyphosate. A general pattern for organizing C-P lyase path-
way-specifying genes, phn, has evolved among microorganisms.
Most C-P lyase pathway-containing microorganisms harbor
phnC, phnD, phnE, phnF, phnG, phnH, phnl, phn], phnK, phnL,
phnM, phnN, and phnP genes, which include phosphonic acid
transport system-specifying genes. In spite of this general gene
organization, there is a marked difference in specificity in the uti-
lization of glyphosate among different organisms. Extraction of
phosphorus from glyphosate may occur by “direct” C-P bond
cleavage catalyzed by C-P lyase or by initial cleavage of glyphosate
with the formation of AMPA. Extraction of phosphorus from
AMPA also occurs by C-P bond cleavage catalyzed by C-P lyase.
The latter process, i.e., cleavage of glyphosate with the formation
of AMPA, appears to be a property of cells that have been culti-
vated in the presence of glyphosate, which, over a prolonged pe-
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riod, may have caused alterations in one or more genes to improve
their catalytic capacity for glyphosate cleavage. The ever-increas-
ing use of glyphosate and the release of other phosphonic acids
into the environment warrant continued studies of the mecha-
nism of C-P bond cleavage.

REFERENCES

1. Shaner DL. 2009. Role of translocation as a mechanism of resistance to
glyphosate. Weed Sci. 57:118-123. http://dx.doi.org/10.1614/WS-08
-050.1.

2. Pollegioni L, Schonbrunn E, Siehl D. 2011. Molecular basis of glyphosate
resistance—different approaches through protein engineering. FEBS J. 278:
2753-2766. http://dx.doi.org/10.1111/j.1742-4658.2011.08214.x.

3. Padgette SR, Kolacz KH, Delannay X, Re DB, LaVallee BJ, Tinius CN,
Rhodes WK, Otero YI, Barry GF, Eicholtz DA, Peschke VM, Nida DL,
Taylor NB, Kishore GM. 1995. Development, identification, and char-
acterization of a glyphosate-tolerant soybean line. Crop Sci. 35:1451—
1461. http://dx.doi.org/10.2135/cropscil995.0011183X003500050032x.

4. Funke T, Han H, Healy-Fried ML, Fischer M, Schonbrunn E. 2006.
Molecular basis for the herbicide resistance of Roundup Ready crops.
Proc. Natl. Acad. Sci. U. S. A. 103:13010-13015. http://dx.doi.org/10
.1073/pnas.0603638103.

5. Comai L, Facciotti D, Hiatt WR, Thompson G, Rose RE, Stalker DM.
1985. Expression in plants of a mutant aroA gene from Salmonella typhi-
murium confers tolerance to glyphosate. Nature 317:441-444.

6. Padgette SR, Re DB, Gasser CS, Eichholtz DA, Frazier RB, Hironaka
CM, Levine EB, Shah DM, Fraley RT, Kishore GM. 1991. Site-directed
mutagenesis of a conserved region of the 5-enolpyruvylshikimate-3-
phosphate synthase active site. J. Biol. Chem. 266:22364-22369.

7. Zeleznick LD, Myers TC, Titchener EB. 1963. Growth of Escherichia coli
on methyl- and ethylphosphonic acids. Biochim. Biophys. Acta 78:546—
547. http://dx.doi.org/10.1016/0006-3002(63)90921-1.

8. Shames SL, Wackett LP, LaBarge MS, Kuczkowski RL, Walsh CT.
1987. Fragmentative and stereochemical isomerization probes for ho-
molytic carbon to phosphorus bond scission catalyzed by bacterial car-
bon-phosphorus lyase. Bioorg. Chem. 15:366—-373. http://dx.doi.org/10
.1016/0045-2068(87)90033-2.

9. Hassan-Abdallah A, Zhao G, Eschenbrenner M, Chen ZW, Mathews
FS, Jorns MS. 2005. Cloning, expression and crystallization of heterote-
trameric sarcosine oxidase from Pseudomonas maltophilia. Protein Expr.
Purif. 43:33—43. http://dx.doi.org/10.1016/j.pep.2005.03.023.

10. Meskys R, Harris R]J, Casaite V, Basran J, Scrutton NS. 2001. Organi-
zation of the genes involved in dimethylglycine and sarcosine degrada-
tion in Arthrobacter spp.: implications for glycine betaine catabolism.
Eur. J. Biochem. 268:3390-3398. http://dx.doi.org/10.1046/j.1432-1327
.2001.02239.x.

11. Barry GF, Kishore GM. July 1998. Glyphosate tolerant plants. US patent
5776760.

12. Gard JK, Feng PC, Hutton WC. 1997. Nuclear magnetic resonance
timecourse studies of glyphosate metabolism by microbial soil isolates.
Xenobiotica 27:633—644. http://dx.doi.org/10.1080/004982597240235.

13. Castle LA, Siehl DL, Gorton R, Patten PA, Chen YH, Bertain S, Cho
HJ, Duck N, Wong J, Liu D, Lassner MW. 2004. Discovery and directed
evolution of a glyphosate tolerance gene. Science 304:1151-1154. http:
//dx.doi.org/10.1126/science.1096770.

14. Staub JM, Brand L, Tran M, Kong Y, Rogers SG. 2012. Bacterial
glyphosate resistance conferred by overexpression of an E. coli mem-
brane efflux transporter. J. Ind. Microbiol. Biotechnol. 39:641—647. http:
//dx.doi.org/10.1007/s10295-011-1057-x.

15. Koita K, Rao CV. 2012. Identification and analysis of the putative pen-
tose sugar efflux transporters in Escherichia coli. PLoS One 7:e43700.
http://dx.doi.org/10.1371/journal.pone.0043700.

16. Rojano-Delgado AM, Cruz-Hipolito H, De Prado R, Luque de Castro
MD, Franco AR. 2012. Limited uptake, translocation and enhanced
metabolic degradation contribute to glyphosate tolerance in Mucuna
pruriens var. utilis plants. Phytochemistry 73:34—41. http://dx.doi.org
/10.1016/j.phytochem.2011.09.007.

17. Helander M, Saloniemi I, Saikkonen K. 2012. Glyphosate in northern
ecosystems. Trends Plant Sci. 17:569-574. http://dx.doi.org/10.1016/j
.tplants.2012.05.008.

18. Borggaard OK, Gimsing AL. 2008. Fate of glyphosate in soil and the

mmbr.asm.org 193


http://dx.doi.org/10.1614/WS-08-050.1
http://dx.doi.org/10.1614/WS-08-050.1
http://dx.doi.org/10.1111/j.1742-4658.2011.08214.x
http://dx.doi.org/10.2135/cropsci1995.0011183X003500050032x
http://dx.doi.org/10.1073/pnas.0603638103
http://dx.doi.org/10.1073/pnas.0603638103
http://dx.doi.org/10.1016/0006-3002(63)90921-1
http://dx.doi.org/10.1016/0045-2068(87)90033-2
http://dx.doi.org/10.1016/0045-2068(87)90033-2
http://dx.doi.org/10.1016/j.pep.2005.03.023
http://dx.doi.org/10.1046/j.1432-1327.2001.02239.x
http://dx.doi.org/10.1046/j.1432-1327.2001.02239.x
http://dx.doi.org/10.1080/004982597240235
http://dx.doi.org/10.1126/science.1096770
http://dx.doi.org/10.1126/science.1096770
http://dx.doi.org/10.1007/s10295-011-1057-x
http://dx.doi.org/10.1007/s10295-011-1057-x
http://dx.doi.org/10.1371/journal.pone.0043700
http://dx.doi.org/10.1016/j.phytochem.2011.09.007
http://dx.doi.org/10.1016/j.phytochem.2011.09.007
http://dx.doi.org/10.1016/j.tplants.2012.05.008
http://dx.doi.org/10.1016/j.tplants.2012.05.008
http://mmbr.asm.org

Hove-Jensen et al.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

194

possibility of leaching to ground and surface waters: a review. Pest
Manag. Sci. 64:441-456. http://dx.doi.org/10.1002/ps.1512.

Pipke R, Schulz A, Amrhein N. 1987. Uptake of glyphosate by an
Arthrobacter sp. Appl. Environ. Microbiol. 53:974-978.

Fitzgibbon J, Braymer HD. 1988. Phosphate starvation induces uptake
of glyphosate by Pseudomonas sp. strain PG2982. Appl. Environ. Micro-
biol. 54:1886-1888.

Sviridov AV, Shushkova TV, Zelenkova NF, Vinokurova NG,
Morgunov IG, Ermakova IT, Leontievsky AA. 2012. Distribution of
glyphosate and methylphosphonate catabolism systems in soil bacteria
Ochrobactrum anthropi and Achromobacter sp. Appl. Microbiol. Biotech-
nol. 93:787-796. http://dx.doi.org/10.1007/s00253-011-3485-y.

Rizk SS, Cuneo M]J, Hellinga HW. 2006. Identification of cognate
ligands for the Escherichia coli phnD protein product and engineering of
a reagentless fluorescent biosensor for phosphonates. Protein Sci. 15:
1745-1751. http://dx.doi.org/10.1110/ps.062135206.

Chen CM, Ye QZ, Zhu ZM, Wanner BL, Walsh CT. 1990. Molecular
biology of carbon-phosphorus bond cleavage. Cloning and sequenc-
ing of the phn (psiD) genes involved in alkylphosphonate uptake and
C-P lyase activity in Escherichia coli B. J. Biol. Chem. 265:4461—4471.
Makino K, Kim SK, Shinagawa H, Amemura M, Nakata A. 1991.
Molecular analysis of the cryptic and functional phn operons for
phosphonate use in Escherichia coli K-12. J. Bacteriol. 173:2665-2672.
Igbal S, Parker G, Davidson H, Moslehi-Rahmani E, Robson RL. 2004.
Reversible phase variation in the phnE gene, which is required for phos-
phonate metabolism in Escherichia coli K-12. ]. Bacteriol. 186:6118—
6123. http://dx.doi.org/10.1128/JB.186.18.6118-6123.2004.

Guillemet ML, Moreau PL. 2012. Activation of the cryptic PhnE per-
mease promotes rapid adaptive evolution in a population of Escherichia
coli K-12 starved for phosphate. J. Bacteriol. 194:253-260. http://dx.doi
.org/10.1128/]B.06094-11.

Umbarger HE, Umbarger MA, Siu PM. 1963. Biosynthesis of serine in
Escherichia coli and Salmonella typhimurium. J. Bacteriol. 85:1431-1439.
Wanner BL, Metcalf WW. 1992. Molecular genetic studies of a 10.9-kb
operon in Escherichia coli for phosphonate uptake and biodegradation.
FEMS Microbiol. Lett. 79:133-139.

Metcalf WW, Wanner BL. 1993. Mutational analysis of an Escherichia
coli fourteen-gene operon for phosphonate degradation, using TnphoA’
elements. J. Bacteriol. 175:3430—-3442.

White AK, Metcalf WW. 2004. Two C-P lyase operons in Pseudomonas
stutzeri and their roles in the oxidation of phosphonates, phosphite, and
hypophosphite. J. Bacteriol. 186:4730—4739. http://dx.doi.org/10.1128
/JB.186.14.4730-4739.2004.

Villarreal-Chiu JF, Quinn JP, McGrath JW. 2012. The genes and en-
zymes of phosphonate metabolism by bacteria, and their distribution in
the marine environment. Front. Microbiol. 3:19. http://dx.doi.org/10
.3389/fmicb.2012.00019.

Kaneko T, Nakamura Y, Sato S, Asamizu E, Kato T, Sasamoto S,
Watanabe A, Idesawa K, Ishikawa A, Kawashima K, Kimura T,
Kishida Y, Kiyokawa C, Kohara M, Matsumoto M, Matsuno A,
Mochizuki Y, Nakayama S, Nakazaki N, Shimpo S, Sugimoto M,
Takeuchi C, Yamada M, Tabata S. 2000. Complete genome structure of
the nitrogen-fixing symbiotic bacterium Mesorhizobium loti. DNA Res.
7:331-338. http://dx.doi.org/10.1093/dnares/7.6.331.

Singer E, Webb EA, Nelson WC, Heidelberg JF, Ivanova N, Pati A,
Edwards KJ. 2011. Genomic potential of Marinobacter aquaeolei, a bio-
geochemical “opportunitroph.” Appl. Environ. Microbiol. 77:2763—
2771. http://dx.doi.org/10.1128/ AEM.01866-10.

Kertesz M, Elgorriga A, Amrhein N. 1991. Evidence for two distinct
phosphonate-degrading enzymes (C-P lyases) in Arhtrobacter sp. GLP-1.
Biodegradation 2:53-59. http://dx.doi.org/10.1007/BF00122425.
Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. 1990. Basic
local alignment search tool. J. Mol. Biol. 215:403—410. http://dx.doi.org
/10.1016/S0022-2836(05)80360-2.

Markowitz VM, Chen IM, Palaniappan K, Chu K, Szeto E, Grechkin
Y, Ratner A, Jacob B, Huang J, Williams P, Huntemann M, Anderson
I, Mavromatis K, Ivanova NN, Kyrpides NC. 2012. IMG: the Integrated
Microbial Genomes database and comparative analysis system. Nucleic
Acids Res. 40:D115-D122. http://dx.doi.org/10.1093/nar/gkr1044.
Benson DA, Cavanaugh M, Clark K, Karsch-Mizrachi I, Lipman DJ,
Ostell J, Sayers EW. 2013. GenBank. Nucleic Acids Res. 41:D36-D42.
http://dx.doi.org/10.1093/nar/gks1195.

Gebhard S, Cook GM. 2008. Differential regulation of high-affinity

mmbr.asm.org

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

phosphate transport systems of Mycobacterium smegmatis: identification
of PhnF, a repressor of the phnDCE operon. J. Bacteriol. 190:1335-1343.
http://dx.doi.org/10.1128/]B.01764-07.

Hove-Jensen B, McSorley FR, Zechel DL. 2012. Catabolism and detox-
ification of 1-aminoalkylphosphonic acids: N-acetylation by the phnO
gene product. PLoS One 7:e46416. http://dx.doi.org/10.1371/journal
.pone.0046416.

Jochimsen B, Lolle S, McSorley FR, Nabi M, Stougaard J, Zechel DL,
Hove-Jensen B. 2011. Five phosphonate operon gene products as com-
ponents of a multi-subunit complex of the carbon-phosphorus lyase
pathway. Proc. Natl. Acad. Sci. U. S. A. 108:11393-11398. http://dx.doi
.org/10.1073/pnas.1104922108.

Kamat SS, Williams HJ, Raushel FM. 2011. Intermediates in the trans-
formation of phosphonates to phosphate by bacteria. Nature 480:570—
573. http://dx.doi.org/10.1038/nature10622.

Hove-Jensen B, McSorley FR, Zechel DL. 2011. Physiological role of
phnP-specified phosphoribosyl cyclic phosphodiesterase in catabolism
of organophosphonic acids by the carbon-phosphorus lyase pathway. J.
Am. Chem. Soc. 133:3617-3624. http://dx.doi.org/10.1021/ja1102713.
Kamat SS, Williams HJ, Dangott LJ, Chakrabarti M, Raushel FM.
2013. The catalytic mechanism for aerobic formation of methane by
bacteria. Nature 497:132-136. http://dx.doi.org/10.1038/nature12061.
Avila LZ, Frost JW. 1988. Monomeric metaphosphate formation during
radical-based dephosphorylation. J. Am. Chem. Soc. 110:7904-7906.
http://dx.doi.org/10.1021/ja00231a067.

Cordeiro ML, Pompliano DL, Frost JW. 1986. Degradation and detoxification
of organophosphonates: cleavage of the carbon to phosphorus bond. J. Am.
Chem. Soc. 108:332-334. http://dx.doi.org/10.1021/ja00262a044.

Frost JW, Loo S, Cordeiro ML, Li D. 1987. Radical-based dephosphor-
ylation and organophosphonate biodegradation. J. Am. Chem. Soc. 109:
2166-2171. http://dx.doi.org/10.1021/ja00241a039.

Parker GF, Higgins TP, Hawkes T, Robson RL. 1999. Rhizobium
(Sinorhizobium) meliloti phn genes: characterization and identification
of their protein products. J. Bacteriol. 181:389-395.

Zhang Q, van der Donk WA. 2012. Answers to the carbon-phosphorus
lyase conundrum. Chembiochem 13:627-629. http://dx.doi.org/10
.1002/¢bic.201200020.

He SM, Wathier M, Podzelinska K, Wong M, McSorley FR, Asfaw A,
Hove-Jensen B, Jia Z, Zechel DL. 2011. Structure and mechanism of
PhnP, a phosphodiesterase of the carbon-phosphorus lyase pathway.
Biochemistry 50:8603—8615. http://dx.doi.org/10.1021/bi2005398.
Podzelinska K, He SM, Wathier M, Yakunin A, Proudfoot M, Hove-
Jensen B, Zechel DL, Jia Z. 2009. Structure of PhnP, a phosphodies-
terase of the carbon-phosphorus lyase pathway for phosphonate degra-
dation. J. Biol. Chem. 284:17216-17226. http://dx.doi.org/10.1074/jbc
.M808392200.

Hove-Jensen B, Rosenkrantz TJ, Zechel DL, Willemoés M. 2010.
Accumulation of intermediates of the carbon-phosphorus lyase pathway
for phosphonate degradation in phn mutants of Escherichia coli. J. Bac-
teriol. 192:370-374. http://dx.doi.org/10.1128/JB.01131-09.
Hove-Jensen B, Rosenkrantz TJ, Haldimann A, Wanner BL. 2003.
Escherichia coli phnN, encoding ribose 1,5-bisphosphokinase activity
(phosphoribosyl diphosphate forming): dual role in phosphonate deg-
radation and NAD biosynthesis pathways. J. Bacteriol. 185:2793-2801.
http://dx.doi.org/10.1128/JB.185.9.2793-2801.2003.

Jensen KF, Dandanell G, Hove-Jensen B, Willemoés M. 2008. Nucle-
otides, nucleosides, and nucleobases. EcoSal Plus http://dx.doi.org/10
.1128/ecosalplus.3.6.2.

Baek JH, Lee SY. 2007. Transcriptome analysis of phosphate starvation
response in Escherichia coli. J. Microbiol. Biotechnol. 17:244-252. http:
/Iwww.jmb.or.kr/journal/download.php?Filedir=../submission/Journal
/017/&num=28.

Ghodge SV, Cummings JA, Williams HJ, Raushel FM. 2013. Discovery
of a cyclic phosphodiesterase that catalyzes the sequential hydrolysis of
both ester bonds to phosphorus. J. Am. Chem. Soc. 135:16360-16363.
http://dx.doi.org/10.1021/ja409376k.

Metcalf WW, Wolfe RS. 1998. Molecular genetic analysis of phosphite
and hypophosphite oxidation by Pseudomonas stutzeri WM88. J. Bacte-
riol. 180:5547-5558.

Finan TM, Weidner S, Wong K, Buhrmester J, Chain P, Vorholter FJ,
Hernandez-Lucas I, Becker A, Cowie A, Gouzy J, Golding B, Puhler A.
2001. The complete sequence of the 1,683-kb pSymB megaplasmid from

Microbiology and Molecular Biology Reviews


http://dx.doi.org/10.1002/ps.1512
http://dx.doi.org/10.1007/s00253-011-3485-y
http://dx.doi.org/10.1110/ps.062135206
http://dx.doi.org/10.1128/JB.186.18.6118-6123.2004
http://dx.doi.org/10.1128/JB.06094-11
http://dx.doi.org/10.1128/JB.06094-11
http://dx.doi.org/10.1128/JB.186.14.4730-4739.2004
http://dx.doi.org/10.1128/JB.186.14.4730-4739.2004
http://dx.doi.org/10.3389/fmicb.2012.00019
http://dx.doi.org/10.3389/fmicb.2012.00019
http://dx.doi.org/10.1093/dnares/7.6.331
http://dx.doi.org/10.1128/AEM.01866-10
http://dx.doi.org/10.1007/BF00122425
http://dx.doi.org/10.1016/S0022-2836(05)80360-2
http://dx.doi.org/10.1016/S0022-2836(05)80360-2
http://dx.doi.org/10.1093/nar/gkr1044
http://dx.doi.org/10.1093/nar/gks1195
http://dx.doi.org/10.1128/JB.01764-07
http://dx.doi.org/10.1371/journal.pone.0046416
http://dx.doi.org/10.1371/journal.pone.0046416
http://dx.doi.org/10.1073/pnas.1104922108
http://dx.doi.org/10.1073/pnas.1104922108
http://dx.doi.org/10.1038/nature10622
http://dx.doi.org/10.1021/ja1102713
http://dx.doi.org/10.1038/nature12061
http://dx.doi.org/10.1021/ja00231a067
http://dx.doi.org/10.1021/ja00262a044
http://dx.doi.org/10.1021/ja00241a039
http://dx.doi.org/10.1002/cbic.201200020
http://dx.doi.org/10.1002/cbic.201200020
http://dx.doi.org/10.1021/bi2005398
http://dx.doi.org/10.1074/jbc.M808392200
http://dx.doi.org/10.1074/jbc.M808392200
http://dx.doi.org/10.1128/JB.01131-09
http://dx.doi.org/10.1128/JB.185.9.2793-2801.2003
http://dx.doi.org/10.1128/ecosalplus.3.6.2
http://dx.doi.org/10.1128/ecosalplus.3.6.2
http://www.jmb.or.kr/journal/download.php?Filedir=../submission/Journal/017/&num=28
http://www.jmb.or.kr/journal/download.php?Filedir=../submission/Journal/017/&num=28
http://www.jmb.or.kr/journal/download.php?Filedir=../submission/Journal/017/&num=28
http://dx.doi.org/10.1021/ja409376k
http://mmbr.asm.org

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

the N,-fixing endosymbiont Sinorhizobium meliloti. Proc. Natl. Acad.
Sci. U. S. A. 98:9889-9894. http://dx.doi.org/10.1073/pnas.161294698.
Capela D, Barloy-Hubler F, Gouzy ], Bothe G, Ampe F, Batut ],
Boistard P, Becker A, Boutry M, Cadieu E, Dreano S, Gloux S, Godrie
T, Goffeau A, Kahn D, Kiss E, Lelaure V, Masuy D, Pohl T, Portetelle
D, Puhler A, Purnelle B, Ramsperger U, Renard C, Thebault P,
Vandenbol M, Weidner S, Galibert F. 2001. Analysis of the chromo-
some sequence of the legume symbiont Sinorhizobium meliloti strain
1021. Proc. Natl. Acad. Sci. U. S. A. 98:9877-9882. http://dx.doi.org/10
.1073/pnas.161294398.

Borisova SA, Christman HD, Metcalf ME, Zulkepli NA, Zhang JK, van
der Donk WA, Metcalf WW. 2011. Genetic and biochemical character-
ization of a pathway for the degradation of 2-aminoethylphosphonate in
Sinorhizobium meliloti 1021. J. Biol. Chem. 286:22283-22290. http://dx
.doi.org/10.1074/jbc.M111.237735.

Wackett LP, Shames SL, Venditti CP, Walsh CT. 1987. Bacterial
carbon-phosphorus lyase: products, rates, and regulation of phosphonic
and phosphinic acid metabolism. J. Bacteriol. 169:710-717.

Wood DW, Setubal JC, Kaul R, Monks DE, Kitajima JP, Okura VK,
Zhou Y, Chen L, Wood GE, Almeida NF, Jr, Woo L, Chen Y, Paulsen
IT, Eisen JA, Karp PD, Bovee D, Sr, Chapman P, Clendenning J,
Deatherage G, Gillet W, Grant C, Kutyavin T, Levy R, Li MJ, Mc-
Clelland E, Palmieri A, Raymond C, Rouse G, Saenphimmachak C,
Wu Z, Romero P, Gordon D, Zhang S, Yoo H, Tao Y, Biddle P, Jung
M, Krespan W, Perry M, Gordon-Kamm B, Liao L, Kim S, Hendrick
C, Zhao ZY, Dolan M, Chumley F, Tingey SV, Tomb JF, Gordon MP,
Olson MV, Nester EW. 2001. The genome of the natural genetic engi-
neer Agrobacterium tumefaciens C58. Science 294:2317-2323. http://dx
.doi.org/10.1126/science.1066804.

Wibberg D, Blom J, Jaenicke S, Kollin F, Rupp O, Scharf B, Schneiker-
Bekel S, Sczcepanowski R, Goesmann A, Setubal JC, Schmitt R, Puhler
A, Schluter A. 2011. Complete genome sequencing of Agrobacterium sp.
H13-3, the former Rhizobium lupini H13-3, reveals a tripartite genome
consisting of a circular and a linear chromosome and an accessory plas-
mid but lacking a tumor-inducing Ti-plasmid. J. Biotechnol. 155:50-62.
http://dx.doi.org/10.1016/j.jbiotec.2011.01.010.

Slater SC, Goldman BS, Goodner B, Setubal JC, Farrand SK, Nester
EW, Burr TJ, Banta L, Dickerman AW, Paulsen I, Otten L, Suen G,
Welch R, Almeida NF, Arnold F, Burton OT, Du Z, Ewing A, Godsy
E, Heisel S, Houmiel KL, Jhaveri J, Lu J, Miller NM, Norton S, Chen
Q, Phoolcharoen W, Ohlin V, Ondrusek D, Pride N, Stricklin SL, Sun
J, Wheeler C, Wilson L, Zhu H, Wood DW. 2009. Genome sequences
of three Agrobacterium biovars help elucidate the evolution of multi-
chromosome genomes in bacteria. J. Bacteriol. 191:2501-2511. http://dx
.doi.org/10.1128/JB.01779-08.

Mukherjee T, Hanes J, Tews I, Ealick SE, Begley TP. 2011. Pyridoxal
phosphate: biosynthesis and catabolism. Biochim. Biophys. Acta 1814:
1585-1596. http://dx.doi.org/10.1016/j.bbapap.2011.06.018.

Liu CM, McLean PA, Sookdeo CC, Cannon FC. 1991. Degradation of
the herbicide glyphosate by members of the family Rhizobiaceae. Appl.
Environ. Microbiol. 57:1799-1804.

Reeve W, O’Hara G, Chain P, Ardley J, Brau L, Nandesena K, Tiwari
R, Copeland A, Nolan M, Han C, Brettin T, Land M, Ovchinikova G,
Ivanova N, Mavromatis K, Markowitz V, Kyrpides N, Melino V,
Denton M, Yates R, Howieson J. 2010. Complete genome sequence of
Rhizobium leguminosarum bv. trifolii strain WSM1325, an effective mi-
crosymbiont of annual Mediterranean clovers. Stand. Genomic Sci.
2:347-356. http://dx.doi.org/10.4056/sigs.852027.

Gonzalez V, Santamaria RI, Bustos P, Hernandez-Gonzalez I, Me-
drano-Soto A, Moreno-Hagelsieb G, Janga SC, Ramirez MA, Jimenez-
Jacinto V, Collado-Vides J, Davila G. 2006. The partitioned Rhizobium
etli genome: genetic and metabolic redundancy in seven interacting rep-
licons. Proc. Natl. Acad. Sci. U. S. A. 103:3834-3839. http://dx.doi.org
/10.1073/pnas.0508502103.

Penaloza-Vazquez A, Mena GL, Herrera-Estrella L, Bailey AM. 1995.
Cloning and sequencing of the genes involved in glyphosate utilization
by Pseudomonas pseudomallei. Appl. Environ. Microbiol. 61:538-543.
Forlani G, Pavan M, Gramek M, Kafarski P, Lipok J. 2008. Biochemical
bases for a widespread tolerance of cyanobacteria to the phosphonate
herbicide glyphosate. Plant Cell Physiol. 49:443—456. http://dx.doi.org
/10.1093/pcp/pcn021.

Kaneko T, Nakamura Y, Wolk CP, Kuritz T, Sasamoto S, Watanabe A,
Iriguchi M, Ishikawa A, Kawashima K, Kimura T, Kishida Y, Kohara

March 2014 Volume 78 Number 1

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Glyphosate as P; Source

M, Matsumoto M, Matsuno A, Muraki A, Nakazaki N, Shimpo S,
Sugimoto M, Takazawa M, Yamada M, Yasuda M, Tabata S. 2001.
Complete genomic sequence of the filamentous nitrogen-fixing cyano-
bacterium Anabaena sp. strain PCC 7120. DNA Res. 8:205-213. http://dx
.doi.org/10.1093/dnares/8.5.205.

Mazumder R, Iyer LM, Vasudevan S, Aravind L. 2002. Detection of
novel members, structure-function analysis and evolutionary classifica-
tion of the 2H phosphoesterase superfamily. Nucleic Acids Res. 30:5229—
5243. http://dx.doi.org/10.1093/nar/gkf645.

Aravind L, Koonin EV. 1998. The HD domain defines a new superfamily
of metal-dependent phosphohydrolases. Trends Biochem. Sci. 23:469—
472. http://dx.doi.org/10.1016/S0968-0004(98)01293-6.

Metcalf WW, van der Donk WA. 2009. Biosynthesis of phosphonic and
phosphinic acid natural products. Annu. Rev. Biochem. 78:65-94. http:
//dx.doi.org/10.1146/annurev.biochem.78.091707.100215.

Kahan FM, Kahan JS, Cassidy PJ, Kropp H. 1974. The mechanism of
action of fosfomycin (phosphonomycin). Ann. N. Y. Acad. Sci. 235:364 —
386. http://dx.doi.org/10.1111/j.1749-6632.1974.tb43277 x.

Fillgrove KL, Pakhomova S, Newcomer ME, Armstrong RN. 2003.
Mechanistic diversity of fosfomycin resistance in pathogenic microor-
ganisms. J. Am. Chem. Soc. 125:15730—-15731. http://dx.doi.org/10.1021
/ja039307z.

Vera M, Pagliai F, Guiliani N, Jerez CA. 2008. The chemolithoau-
totroph Acidithiobacillus ferrooxidans can survive under phosphate-
limiting conditions by expressing a C-P lyase operon that allows it to
grow on phosphonates. Appl. Environ. Microbiol. 74:1829-1835. http:
//dx.doi.org/10.1128/AEM.02101-07.

Valdes J, Pedroso I, Quatrini R, Dodson RJ, Tettelin H, Blake R, II,
Eisen JA, Holmes DS. 2008. Acidithiobacillus ferrooxidans metabolism:
from genome sequence to industrial applications. BMC Genomics 9:597.
http://dx.doi.org/10.1186/1471-2164-9-597.

Dyhrman ST, Chappell PD, Haley ST, Moffett JW, Orchard ED,
Waterbury JB, Webb EA. 2006. Phosphonate utilization by the globally
important marine diazotroph Trichodesmium. Nature 439:68—71. http:
//dx.doi.org/10.1038/nature04203.

Beversdorf L], White AE, Bjéorkman KM, Letelier RM, Karl DM. 2010.
Phosphonate metabolism of Trichodesmium IMS101 and the production
greenhouse gases. Limnol. Oceanogr. 55:1768-1778. http://dx.doi.org
/10.4319/10.2010.55.4.1768.

Antunes A, Alam I, Bajic VB, Stingl U. 2011. Genome sequence of
Halorhabdus tiamatea, the first archaeon isolated from a deep-sea anoxic
brine lake. J. Bacteriol. 193:4553—4554. http://dx.doi.org/10.1128/JB
.05462-11.

Dyall-Smith ML, Pfeiffer F, Klee K, Palm P, Gross K, Schuster SC,
Rampp M, Oesterhelt D. 2011. Haloquadratum walsbyi: limited diver-
sity in a global pond. PLoS One 6:¢20968. http://dx.doi.org/10.1371
/journal.pone.0020968.

Dyall-Smith ML, Pfeiffer F, Oberwinkler T, Klee K, Rampp M, Palm
P, Gross K, Schuster SC, Oesterhelt D. 2013. Genome of the haloar-
chaeon Natronomonas moolapensis, a neutrophilic member of a previ-
ously haloalkaliphilic genus. Genome Announc. 1(2):e00095-13. http:
//dx.doi.org/10.1128/genomeA.00095-13.

La Nauze JM, Coggins JR, Dixon HB. 1977. Aldolase-like imine for-
mation in the mechanism of action of phosphonoacetaldehyde hydro-
lase. Biochem. J. 165:409—411.

Kim AD, Baker AS, Dunaway-Mariano D, Metcalf WW, Wanner BL,
Martin BM. 2002. The 2-aminoethylphosphonate-specific transaminase
of the 2-aminoethylphosphonate degradation pathway. J. Bacteriol. 184:
4134-4140. http://dx.doi.org/10.1128/JB.184.15.4134-4140.2002.
Baker AS, Ciocci MJ, Metcalf WW, Kim J, Babbitt PC, Wanner BL,
Martin BM, Dunaway-Mariano D. 1998. Insights into the mechanism
of catalysis by the P-C bond-cleaving enzyme phosphonoacetaldehyde
hydrolase derived from gene sequence analysis and mutagenesis. Bio-
chemistry 37:9305-9315. http://dx.doi.org/10.1021/bi972677d.
McGrath JW, Wisdom GB, McMullan G, Larkin MJ, Quinn JP. 1995.
The purification and properties of phosphonoacetate hydrolase, a novel
carbon-phosphorus bond-cleavage enzyme from Pseudomonas fluore-
scens 23F. Eur. J. Biochem. 234:225-230. http://dx.doi.org/10.1111/j
.1432-1033.1995.225_c.x.

McMullan G, Quinn JP. 1994. In vitro characterization of a phosphate
starvation-independent carbon-phosphorus bond cleavage activity in
Pseudomonas fluorescens 23F. J. Bacteriol. 176:320—324.

Kulakova AN, Kulakov LA, Akulenko NV, Ksenzenko VN, Hamilton

mmbr.asm.org 195


http://dx.doi.org/10.1073/pnas.161294698
http://dx.doi.org/10.1073/pnas.161294398
http://dx.doi.org/10.1073/pnas.161294398
http://dx.doi.org/10.1074/jbc.M111.237735
http://dx.doi.org/10.1074/jbc.M111.237735
http://dx.doi.org/10.1126/science.1066804
http://dx.doi.org/10.1126/science.1066804
http://dx.doi.org/10.1016/j.jbiotec.2011.01.010
http://dx.doi.org/10.1128/JB.01779-08
http://dx.doi.org/10.1128/JB.01779-08
http://dx.doi.org/10.1016/j.bbapap.2011.06.018
http://dx.doi.org/10.4056/sigs.852027
http://dx.doi.org/10.1073/pnas.0508502103
http://dx.doi.org/10.1073/pnas.0508502103
http://dx.doi.org/10.1093/pcp/pcn021
http://dx.doi.org/10.1093/pcp/pcn021
http://dx.doi.org/10.1093/dnares/8.5.205
http://dx.doi.org/10.1093/dnares/8.5.205
http://dx.doi.org/10.1093/nar/gkf645
http://dx.doi.org/10.1016/S0968-0004(98)01293-6
http://dx.doi.org/10.1146/annurev.biochem.78.091707.100215
http://dx.doi.org/10.1146/annurev.biochem.78.091707.100215
http://dx.doi.org/10.1111/j.1749-6632.1974.tb43277.x
http://dx.doi.org/10.1021/ja039307z
http://dx.doi.org/10.1021/ja039307z
http://dx.doi.org/10.1128/AEM.02101-07
http://dx.doi.org/10.1128/AEM.02101-07
http://dx.doi.org/10.1186/1471-2164-9-597
http://dx.doi.org/10.1038/nature04203
http://dx.doi.org/10.1038/nature04203
http://dx.doi.org/10.4319/lo.2010.55.4.1768
http://dx.doi.org/10.4319/lo.2010.55.4.1768
http://dx.doi.org/10.1128/JB.05462-11
http://dx.doi.org/10.1128/JB.05462-11
http://dx.doi.org/10.1371/journal.pone.0020968
http://dx.doi.org/10.1371/journal.pone.0020968
http://dx.doi.org/10.1128/genomeA.00095-13
http://dx.doi.org/10.1128/genomeA.00095-13
http://dx.doi.org/10.1128/JB.184.15.4134-4140.2002
http://dx.doi.org/10.1021/bi972677d
http://dx.doi.org/10.1111/j.1432-1033.1995.225_c.x
http://dx.doi.org/10.1111/j.1432-1033.1995.225_c.x
http://mmbr.asm.org

Hove-Jensen et al.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

196

JT, Quinn JP. 2001. Structural and functional analysis of the phospho-
noacetate hydrolase (phnA) gene region in Pseudomonas fluorescens 23F.
J. Bacteriol. 183:3268-3275. http://dx.doi.org/10.1128/JB.183.11.3268
-3275.2001.

Kulakova AN, Wisdom GB, Kulakov LA, Quinn JP. 2003. The purification
and characterization of phosphonopyruvate hydrolase, a novel carbon-
phosphorus bond cleavage enzyme from Variovorax sp Pal2. J. Biol. Chem.
278:23426-23431. http://dx.doi.org/10.1074/jbc.M301871200.

Agarwal V, Borisova SA, Metcalf WW, van der Donk WA, Nair SK.
2011. Structural and mechanistic insights into C-P bond hydrolysis by
phosphonoacetate hydrolase. Chem. Biol. 18:1230—1240. http://dx.doi
.org/10.1016/j.chembiol.2011.07.019.

Ternan NG, Quinn JP. 1998. In vitro cleavage of the carbon-phosphorus
bond of phosphonopyruvate by cell extracts of an environmental Burk-
holderia cepacia isolate. Biochem. Biophys. Res. Commun. 248:378 —381.
http://dx.doi.org/10.1006/bbrc.1998.8962.

Bowman E, McQueney M, Barry RJ, Dunaway-Mariano D. 1988.
Catalysis and thermodynamics of the phosphoenolpyruvate/
phosphonopyruvate rearrangement. Entry into the phosphonate class of
naturally occurring organophosphorus compounds. J. Am. Chem. Soc.
110:5575-5576.

Kulakova AN, Kulakov LA, Villarreal-Chiu JF, Gilbert JA, McGrath
JW, Quinn JP. 2009. Expression of the phosphonoalanine-degradative
gene cluster from Variovorax sp. Pal2 is induced by growth on phospho-
noalanine and phosphonopyruvate. FEMS Microbiol. Lett. 292:100—
106. http://dx.doi.org/10.1111/j.1574-6968.2008.01477 .x.

Martinez A, Tyson GW, Delong EF. 2010. Widespread known and
novel phosphonate utilization pathways in marine bacteria revealed by
functional screening and metagenomic analyses. Environ. Microbiol. 12:
222-238. http://dx.doi.org/10.1111/j.1462-2920.2009.02062.x.
McSorley FR, Wyatt PB, Martinez A, DeLong EF, Hove-Jensen B,
Zechel DL. 2012. PhnY and PhnZ comprise a new oxidative pathway for
enzymatic cleavage of a carbon-phosphorus bond. J. Am. Chem. Soc.
134:8364—8367. http://dx.doi.org/10.1021/ja302072f.

Quinn JP, Kulakova AN, Cooley NA, McGrath JW. 2007. New ways to
break an old bond: the bacterial carbon-phosphorus hydrolases and their
role in biogeochemical phosphorus cycling. Environ. Microbiol. 9:2392—
2400. http://dx.doi.org/10.1111/j.1462-2920.2007.01397 x.

McGrath JW, Chin JP, Quinn JP. 2013. Organophosphonates revealed:
new insights into the microbial metabolism of ancient molecules. Nat.
Rev. Microbiol. 11:412—419. http://dx.doi.org/10.1038/nrmicro3011.
Rojas JR, Trievel RC, Zhou J, Mo Y, Li X, Berger SL, Allis CD,
Marmorstein R. 1999. Structure of Tetrahymena GCN5 bound to coen-
zyme A and a histone H3 peptide. Nature 401:93-98. http://dx.doi.org
/10.1038/43487.

Kehoe LE, Snidwongse J, Courvalin P, Rafferty JB, Murray IA. 2003.
Structural basis of synercid (quinupristin-dalfopristin) resistance in
Gram-positive bacterial pathogens. J. Biol. Chem. 278:29963-29970.
http://dx.doi.org/10.1074/jbc.M303766200.

Vuorio R, Harkonen T, Tolvanen M, Vaara M. 1994. The novel hexa-
peptide motif found in the acyltransferases LpxA and LpxD of lipid A
biosynthesis is conserved in various bacteria. FEBS Lett. 337:289-292.
http://dx.doi.org/10.1016/0014-5793(94)80211-4.

Errey JC, Blanchard JS. 2006. Functional annotation and kinetic char-
acterization of PhnO from Salmonella enterica. Biochemistry 45:3033—
3039. http://dx.doi.org/10.1021/bi052297p.

Dick RE, Quinn JP. 1995. Glyphosate-degrading isolates from environ-
mental samples: occurrence and pathways of degradation. Appl. Micro-
biol. Biotechnol. 43:545-550. http://dx.doi.org/10.1007/BF00218464.
Jacob GS, Schaefer J, Stejskal EO, McKay RA. 1985. Solid-state NMR
determination of glyphosate metabolism in a Pseudomonas sp. J. Biol.
Chem. 260:5899-5905.

Kishore GM, Jacob GS. 1987. Degradation of glyphosate by Pseudomo-
nas sp. PG2982 via a sarcosine intermediate. J. Biol. Chem. 262:12164—
12168.

Shinabarger DL, Braymer HD. 1986. Glyphosate catabolism by Pseu-
domonas sp. strain PG2982. ]. Bacteriol. 168:702-707.

Pipke R, Amrhein N, Jacob GS, Schaefer J, Kishore GM. 1987. Metab-
olism of glyphosate in an Arthrobacter sp. GLP-1. Eur. J. Biochem. 165:
267-273. http://dx.doi.org/10.1111/j.1432-1033.1987.tb11437.x.

Jacob GS, Garbow JR, Hallas LE, Kimack NM, Kishore GM, Schaefer
J. 1988. Metabolism of glyphosate in Pseudomonas sp. strain LBr. Appl.
Environ. Microbiol. 54:2953-2958.

mmbr.asm.org

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Albrecht B, Weidhase R, Stock M, Weidhase RA. 1991. In vivo utiliza-
tion of N-(phosphonomethyl)-anilines and related substances by Pseu-
domonas spec. GS. J. Basic Microbiol. 31:403—411. http://dx.doi.org/10
.1002/jobm.3620310602.

Weidhase R, Albrecht B, Stock M, Weidhase RA. 1990. Glyphosatver-
wertung durch Pseudomonas sp. GS. Zentralbl. Mikrobiol. 145:433—438.
Pipke R, Amrhein N. 1988. Degradation of the phosphonate herbicide
glyphosate by Arthrobacter atrocyaneus ATCC 13752. Appl. Environ. Mi-
crobiol. 54:1293-1296.

Quinn JP, Peden JMM, Dick RE. 1989. Carbon-phosphorus bond
cleavage by Gram-positive and Gram-negative soil bacteria. Appl. Mi-
crobiol. Biotechnol. 31:283-287.

Pedotti M, Rosini E, Molla G, Moschetti T, Savino C, Vallone B,
Pollegioni L. 2009. Glyphosate resistance by engineering the flavoen-
zyme glycine oxidase. J. Biol. Chem. 284:36415-36423. http://dx.doi.org
/10.1074/jbc.M109.051631.

Obojska A, Ternan NG, Lejczak B, Kafarski P, McMullan G. 2002.
Organophosphonate utilization by the thermophile Geobacillus caldoxy-
losilyticus T20. Appl. Environ. Microbiol. 68:2081-2084. http://dx.doi
.org/10.1128/AEM.68.4.2081-2084.2002.

Wanner BL. 1996. Phosphorus assimilation and control of the phos-
phate regulon, p 1357-1381. In Neidhardt FC, Curtis R, ITI, Ingraham JL,
Lin ECC, Low KB, Magasanik B, Reznikoff WS, Riley M, Schaechter M,
Umbarger HE (ed), Escherichia coli and Salmonella: cellular and molec-
ular biology, 2nd ed. ASM Press, Washington, DC.

Hsieh YJ, Wanner BL. 2010. Global regulation by the seven-component
P; signaling system. Curr. Opin. Microbiol. 13:198-203. http://dx.doi
.0rg/10.1016/j.mib.2010.01.014.

Li S, Dong X, Su Z. 2013. Directional RNA-seq reveals highly complex
condition-dependent transcriptomes in E. coli K12 through accurate
full-length transcripts assembling. BMC Genomics 14:520. http://dx.doi
.0rg/10.1186/1471-2164-14-520.

White AK, Metcalf WW. 2004. The htx and ptx operons of Pseudomonas
stutzeri WM88 are new members of the Pho regulon. J. Bacteriol. 186:
5876-5882. http://dx.doi.org/10.1128/]B.186.17.5876-5882.2004.

Yuan ZC, Zaheer R, Morton R, Finan TM. 2006. Genome prediction of
PhoB regulated promoters in Sinorhizobium meliloti and twelve proteo-
bacteria. Nucleic Acids Res. 34:2686-2697. http://dx.doi.org/10.1093
/nar/gkl365.

Bardin SD, Finan TM. 1998. Regulation of phosphate assimilation in
Rhizobium (Sinorhizobium) meliloti. Genetics 148:1689—1700.

Krol E, Becker A. 2004. Global transcriptional analysis of the phosphate starva-
tion response in Sinorhizobium meliloti strains 1021 and 2011. Mol. Genet.
Genomics 272:1-17. http://dx.doi.org/10.1007/s00438-004-1030-8.
Haydon DJ, Guest JR. 1991. A new family of bacterial regulatory pro-
teins. FEMS Microbiol. Lett. 79:291-295. http://dx.doi.org/10.1111/j
.1574-6968.1991.tb04544.x.

Aravind L, Anantharaman V. 2003. HutC/FarR-like bacterial transcrip-
tion factors of the GntR family contain a small molecule-binding domain
of the chorismate lyase fold. FEMS Microbiol. Lett. 222:17-23. http://dx
.doi.org/10.1016/S0378-1097(03)00242-8.

Hammer-Jespersen K. 1983. Nucleoside metabolism, p 203-258. In
Munch-Petersen A (ed), Metabolism of nucleotides, nucleosides and
nucleobases in microorganisms. Academic Press, Inc, London, United
Kingdom.

Lu W, Li L, Chen M, Zhou Z, Zhang W, Ping S, Yan Y, Wang J, Lin
M. 2013. Genome-wide transcriptional responses of Escherichia coli to
glyphosate, a potent inhibitor of the shikimate pathway enzyme 5-enol-
pyruvylshikimate-3-phosphate synthase. Mol. Biosyst. 9:522-530. http:
//dx.doi.org/10.1039/c2mb25374g.

Weber A, Kogl SA, Jung K. 2006. Time-dependent proteome alterations
under osmotic stress during aerobic and anaerobic growth in Escherichia
coli. ]. Bacteriol. 188:7165-7175. http://dx.doi.org/10.1128/JB.00508-06.
Podzelinska K, He S, Soares A, Zechel D, Hove-Jensen B, Jia Z. 2008.
Expression, purification and preliminary diffraction studies of PhnP.
Acta Crystallogr. Sect. F Struct. Biol. Cryst. Commun. 64:554—557. http:
//dx.doi.org/10.1107/51744309108014656.

Srere PA. 2000. Macromolecular interactions: tracing the roots. Trends
Biochem. Sci. 25:150—153. http://dx.doi.org/10.1016/S0968-0004(00)01550-4.
Moraes TF, Reithmeier RA. 2012. Membrane transport metabolons.
Biochim. Biophys. Acta 1818:2687-2706. http://dx.doi.org/10.1016/j
.bbamem.2012.06.007.

Huang J, Su Z, Xu Y. 2005. The evolution of microbial phosphonate

Microbiology and Molecular Biology Reviews


http://dx.doi.org/10.1128/JB.183.11.3268-3275.2001
http://dx.doi.org/10.1128/JB.183.11.3268-3275.2001
http://dx.doi.org/10.1074/jbc.M301871200
http://dx.doi.org/10.1016/j.chembiol.2011.07.019
http://dx.doi.org/10.1016/j.chembiol.2011.07.019
http://dx.doi.org/10.1006/bbrc.1998.8962
http://dx.doi.org/10.1111/j.1574-6968.2008.01477.x
http://dx.doi.org/10.1111/j.1462-2920.2009.02062.x
http://dx.doi.org/10.1021/ja302072f
http://dx.doi.org/10.1111/j.1462-2920.2007.01397.x
http://dx.doi.org/10.1038/nrmicro3011
http://dx.doi.org/10.1038/43487
http://dx.doi.org/10.1038/43487
http://dx.doi.org/10.1074/jbc.M303766200
http://dx.doi.org/10.1016/0014-5793(94)80211-4
http://dx.doi.org/10.1021/bi052297p
http://dx.doi.org/10.1007/BF00218464
http://dx.doi.org/10.1111/j.1432-1033.1987.tb11437.x
http://dx.doi.org/10.1002/jobm.3620310602
http://dx.doi.org/10.1002/jobm.3620310602
http://dx.doi.org/10.1074/jbc.M109.051631
http://dx.doi.org/10.1074/jbc.M109.051631
http://dx.doi.org/10.1128/AEM.68.4.2081-2084.2002
http://dx.doi.org/10.1128/AEM.68.4.2081-2084.2002
http://dx.doi.org/10.1016/j.mib.2010.01.014
http://dx.doi.org/10.1016/j.mib.2010.01.014
http://dx.doi.org/10.1186/1471-2164-14-520
http://dx.doi.org/10.1186/1471-2164-14-520
http://dx.doi.org/10.1128/JB.186.17.5876-5882.2004
http://dx.doi.org/10.1093/nar/gkl365
http://dx.doi.org/10.1093/nar/gkl365
http://dx.doi.org/10.1007/s00438-004-1030-8
http://dx.doi.org/10.1111/j.1574-6968.1991.tb04544.x
http://dx.doi.org/10.1111/j.1574-6968.1991.tb04544.x
http://dx.doi.org/10.1016/S0378-1097(03)00242-8
http://dx.doi.org/10.1016/S0378-1097(03)00242-8
http://dx.doi.org/10.1039/c2mb25374g
http://dx.doi.org/10.1039/c2mb25374g
http://dx.doi.org/10.1128/JB.00508-06
http://dx.doi.org/10.1107/S1744309108014656
http://dx.doi.org/10.1107/S1744309108014656
http://dx.doi.org/10.1016/S0968-0004(00)01550-4
http://dx.doi.org/10.1016/j.bbamem.2012.06.007
http://dx.doi.org/10.1016/j.bbamem.2012.06.007
http://mmbr.asm.org

130.

131.

132.

133.

134.

135.

136.

degradative pathways. J. Mol. Evol. 61:682—-690. http://dx.doi.org/10
.1007/s00239-004-0349-4.

Kaneko T, Nakamura Y, Sato S, Minamisawa K, Uchiumi T, Sasamoto
S, Watanabe A, Idesawa K, Iriguchi M, Kawashima K, Kohara M,
Matsumoto M, Shimpo S, Tsuruoka H, Wada T, Yamada M, Tabata S.
2002. Complete genomic sequence of nitrogen-fixing symbiotic bacte-
rium Bradyrhizobium japonicum USDA110. DNA Res. 9:189-197. http:
//dx.doi.org/10.1093/dnares/9.6.189.

Bardin S, Dan S, Osteras M, Finan TM. 1996. A phosphate transport
system is required for symbiotic nitrogen fixation by Rhizobium meliloti.
J. Bacteriol. 178:4540—4547.

Blattner FR, Plunkett G, III, Bloch CA, Perna NT, Burland V, Riley M,
Collado-Vides J, Glasner JD, Rode CK, Mayhew GF, Gregor J, Davis
NW, Kirkpatrick HA, Goeden MA, Rose DJ, Mau B, Shao Y. 1997. The
complete genome sequence of Escherichia coli K-12. Science 277:1453—
1462. http://dx.doi.org/10.1126/science.277.5331.1453.

Chain PS, Lang DM, Comerci DJ, Malfatti SA, Vergez LM, Shin M,
Ugalde RA, Garcia E, Tolmasky ME. 2011. Genome of Ochrobactrum
anthropi ATCC 49188 T, a versatile opportunistic pathogen and symbi-
ont of several eukaryotic hosts. J. Bacteriol. 193:4274—4275. http://dx
.doi.org/10.1128/JB.05335-11.

Kaneko T, Nakamura Y, Sato S, Asamizu E, Kato T, Sasamoto S,
Watanabe A, Idesawa K, Ishikawa A, Kawashima K, Kimura T,
Kishida Y, Kiyokawa C, Kohara M, Matsumoto M, Matsuno A,
Mochizuki Y, Nakayama S, Nakazaki N, Shimpo S, Sugimoto M,
Takeuchi C, Yamada M, Tabata S. 2000. Complete genome structure of
the nitrogen-fixing symbiotic bacterium Mesorhizobium loti (supple-
ment). DNA Res. 7:381-406. http://dx.doi.org/10.1093/dnares/7.6.381.
Kaneko T, Nakamura Y, Sato S, Minamisawa K, Uchiumi T, Sasamoto
S, Watanabe A, Idesawa K, Iriguchi M, Kawashima K, Kohara M,
Matsumoto M, Shimpo S, Tsuruoka H, Wada T, Yamada M, Tabata S.
2002. Complete genomic sequence of nitrogen-fixing symbiotic bacte-
rium Bradyrhizobium japonicum USDA110 (supplement). DNA Res.
9:225-256. http://dx.doi.org/10.1093/dnares/9.6.225.

Hayden HS, Lim R, Brittnacher MJ, Sims EH, Ramage ER, Fong C,

137.

138.

139.

140.

141.

142.

Glyphosate as P; Source

Wu Z, Crist E, Chang J, Zhou Y, Radey M, Rohmer L, Haugen E,
Gillett W, Wuthiekanun V, Peacock SJ, Kaul R, Miller SI, Manoil C,
Jacobs MA. 2012. Evolution of Burkholderia pseudomallei in recurrent
melioidosis. PLoS One 7:¢36507. http://dx.doi.org/10.1371/journal
.pone.0036507.

Moran MA, Buchan A, Gonzalez JM, Heidelberg JF, Whitman WB,
Kiene RP, Henriksen JR, King GM, Belas R, Fuqua C, Brinkac L, Lewis
M, Johri S, Weaver B, Pai G, Eisen JA, Rahe E, Sheldon WM, Ye W,
Miller TR, Carlton J, Rasko DA, Paulsen IT, Ren Q, Daugherty SC,
Deboy RT, Dodson RJ, Durkin AS, Madupu R, Nelson WC, Sullivan
SA, Rosovitz MJ, Haft DH, Selengut J, Ward N. 2004. Genome se-
quence of Silicibacter pomeroyi reveals adaptations to the marine envi-
ronment. Nature 432:910-913. http://dx.doi.org/10.1038/nature03170.
Chen J, Brevet A, Fromant M, Leveque F, Schmitter JM, Blanquet S,
Plateau P. 1990. Pyrophosphatase is essential for growth of Escherichia
coli. J. Bacteriol. 172:5686-5689.

Avila LZ, Draths KM, Frost JW. 1991. Metabolites associated with
organophosphonate C-P bond cleavage: chemical synthesis and micro-
bial degradation of [**P]-ethylphosphonic acid. Bioorg. Med. Chem.
Lett. 1:51-54. http://dx.doi.org/10.1016/S0960-894X(01)81089-1.

Avila LZ, Loo SH, Frost JW. 1987. Chemical and mutagenic analysis of
aminomethylphosphonate biodegradation. J. Am. Chem. Soc. 109:
6758—-6764. http://dx.doi.org/10.1021/ja00256a033.

Neidhardt FC, Bloch PL, Smith DF. 1974. Culture medium for enter-
obacteria. J. Bacteriol. 119:736-747.

Saunders E, Pukall R, Abt B, Lapidus A, Glavina Del Rio T, Copeland
A, Tice H, Cheng JF, Lucas S, Chen F, Nolan M, Bruce D, Goodwin L,
Pitluck S, Ivanova N, Mavromatis K, Ovchinnikova G, Pati A, Chen A,
Palaniappan K, Land M, Hauser L, Chang Y], Jeffries CD, Chain P,
Meincke L, Sims D, Brettin T, Detter JC, Goker M, Bristow J, Eisen JA,
Markowitz V, Hugenholtz P, Kyrpides NC, Klenk HP, Han C. 2009.
Complete genome sequence of Eggerthella lenta type strain (IPP VPI
0255"). Stand. Genomic Sci. 1:174-182. http://dx.doi.org/10.4056/sigs
.33592.

Bjarne Hove-Jensen began graduate studies at
the Enzyme Division, Institute of Biological
Chemistry B, University of Copenhagen, in
1976, where he worked on various aspects of
purine nucleotide salvage metabolism in E. coli.
He serendipitously discovered a mutant with an
altered phosphoribosyl diphosphate (PRPP)
synthase. After receiving his Ph.D. in biochem-
istry in 1983 at the University of Copenhagen,
he continued studies of nucleotide metabolism
in various organisms, with emphasis on the

physiological role of PRPP synthase. He became Associate Professor of Bio-
chemistry in 1988 at the University of Copenhagen. Fortuitously, around
2000, he discovered that PRPP is involved as an intermediate in the catabolic
pathway by which phosphonic acid-phosphorus is assimilated by the carbon
phosphorus-lyase pathway, and biochemical analyses of this pathway have
been his main topic of research since. Important parts of the project were
conducted on sabbaticals at Queen’s University and at Aarhus University. He
is now emeritus and is currently associated with research groups at Aarhus

University.

March 2014 Volume 78 Number 1

David L. Zechel received his Ph.D. in chemistry
from the University of British Columbia in
2001. After postdoctoral studies at the York
Structural Biology Laboratory, York, United
Kingdom, and the University of Ziirich, he
moved to the Department of Chemistry at
Queen’s University in Kingston, Ontario, Can-
ada, where he is currently an Associate Profes-
sor of Chemistry. His main research interests
are enzyme reaction mechanisms related to nat-
ural product biosynthesis and organophospho-
nate catabolism.

Bjarne Jochimsen received his Ph.D. in bio-
chemistry from the University of Copenhagen
in 1979, and from 1980 he held a position as
Associate Professor at Aarhus University. Re-
search interests spanned from purine nucleo-
tide metabolism in E. coli and in the nitrogen-
fixing root nodules on soybean and indole
acetic acid degradation in the microsymbiont
Bradyrhizobium japonicum to proteomic stud-
ies on the leguminous model plant Lotus japoni-
cus. From 2010, his main interest has been in the

structural elucidation of the carbon-phosphorus lyase complex from E. coli.

mmbr.asm.org 197


http://dx.doi.org/10.1007/s00239-004-0349-4
http://dx.doi.org/10.1007/s00239-004-0349-4
http://dx.doi.org/10.1093/dnares/9.6.189
http://dx.doi.org/10.1093/dnares/9.6.189
http://dx.doi.org/10.1126/science.277.5331.1453
http://dx.doi.org/10.1128/JB.05335-11
http://dx.doi.org/10.1128/JB.05335-11
http://dx.doi.org/10.1093/dnares/7.6.381
http://dx.doi.org/10.1093/dnares/9.6.225
http://dx.doi.org/10.1371/journal.pone.0036507
http://dx.doi.org/10.1371/journal.pone.0036507
http://dx.doi.org/10.1038/nature03170
http://dx.doi.org/10.1016/S0960-894X(01)81089-1
http://dx.doi.org/10.1021/ja00256a033
http://dx.doi.org/10.4056/sigs.33592
http://dx.doi.org/10.4056/sigs.33592
http://mmbr.asm.org

	Utilization of Glyphosate as Phosphate Source: Biochemistry and Genetics of Bacterial Carbon-Phosphorus Lyase

