
Citation: Giannakara, M.;

Koumandou, V.L. New Insights on the

Glyphosate-Degrading Enzymes C-P

Lyase and Glyphosate Oxidoreductase

Based on Bioinformatics. Bacteria 2024,

3, 314–329. https://doi.org/

10.3390/bacteria3040021

Academic Editors: Debasis Mitra,

Marika Pellegrini, Leonard Koolman

and Bart C. Weimer

Received: 23 July 2024

Revised: 13 September 2024

Accepted: 29 September 2024

Published: 2 October 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

New Insights on the Glyphosate-Degrading Enzymes C-P Lyase
and Glyphosate Oxidoreductase Based on Bioinformatics
Marina Giannakara and Vassiliki Lila Koumandou *

Genetics Laboratory, Department of Biotechnology, Agricultural University of Athens, Iera Odos 75,
11855 Athens, Greece; marinagiann14@outlook.com
* Correspondence: koumandou@aua.gr; Tel.: +30-210-529-4645

Abstract: Bioremediation, the degradation of environmental pollutants by living organisms, has
immense potential to lead to a greener planet. Bioinformatics analysis can contribute to the identifi-
cation of novel microorganisms, which biodegrade contaminants, or of participating proteins and
enzymes, and the elucidation of the complex metabolic pathways involved. In this study, we focus on
C-P lyase and glyphosate oxidoreductase (Gox), two enzymes which degrade glyphosate, a widely
used pesticide. Amino acid sequences of the two enzymes were collected from a broad range of mi-
croorganisms using the KEGG database and BLAST. Based on this, we identified additional lineages,
with putative glyphosate-degrading activity, for which no glyphosate-degrading species have been
reported yet. The conserved residues in each enzyme were identified via multiple alignments and
mapped onto the 3D structures of the enzymes, using PyMOL, leading to novel insights into their
function. As the experimental structure of Gox is still unknown, we created structural models based
on three different programs and compared the results. This approach can be used to yield insights
into the characteristics of potential glyphosate-degrading enzymes. Given the limited information
available, such a step is important to gain further knowledge about them, which can contribute to
their application in bioremediation in the future.

Keywords: glyphosate; C-P lyase; glyphosate oxidoreductase; biodegradation; bioinformatics;
phylogenetics

1. Introduction

Glyphosate, N-(phosphonomethyl)glycine, is an active ingredient in many widely
used, broad-spectrum herbicides (e.g., RoundupTM). It is a synthetic amino acid analogue of
glycine incorporating a phosphonic acid [1]. It inhibits enolpyruvylshikimate-3-phosphate
synthase (EPSP synthase), resulting in the inhibition of the shikimate pathway, which is
essential for the biosynthesis of aromatic amino acids in plants [2].

Glyphosate has been characterized as a safe compound by the European Food Safety
Authority (EFSA) for human health, animals, and the environment, as “no critical areas of
concern” were confirmed. Additionally, the European Chemicals Agency (ECHA) does not
classify glyphosate as carcinogenic or possibly carcinogenic [3]. On the other hand, it is
considered as “probably carcinogenic” to humans (Group 2A) according to the International
Agency for Research on Cancer (IARC) [1] and it is labeled as “toxic to aquatic life with
long lasting effects” as per the Hazard Statements of the Globally Harmonized System of
Classification and Labelling of Chemicals (GHS) [1]. Glyphosate was an approved pesticide
until December 2023 in the E.U. [3], where its use was recently extended for 10 more
years [4].

Nevertheless, there is increasing concern about the accumulation of pesticide residues
and their metabolites in soils and food crops. In soil sampled from agricultural sites
throughout the E.U. and other cooperating countries, glyphosate and its metabolite alpha-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) were among the most fre-
quently detected substances and also among those with the highest concentrations [5].
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A case study in central Germany yielded similar results, as glyphosate and AMPA were
detected at the highest concentrations in surface water and topsoil samples [6]. Concerns
have also been raised about the persistence of glyphosate and its metabolite AMPA in soil,
especially in fields where glyphosate-based herbicides have been extensively used [3,7], its
potential to bioaccumulate in terrestrial organisms [8], and its impact on crop health [3],
while it has also led to glyphosate-resistant weeds [9]. Both compounds are transported
off site with rainfall, contaminating surface water, hedgerows, and adjacent non-treated
fields [7,8].

In particular, glyphosate can affect the microbial population, and hence, have an
impact on plant-beneficial microbes [10] and cause metabolic changes in plants, even at low
doses [11]. Glyphosate and its salt form, isopropylamine (IPA), also act as chelating agents
by binding to metal cations necessary for plant nutrition [12]. Additionally, studies have
shown potential negative effects on insects; i.e., rendering insects more prone to infections,
inhibiting the production of melanin, disturbing their gut microbiome [13–16], and lead-
ing to a low responsiveness to sucrose [17] and impaired aversive learning [18]. Aquatic
organisms are also affected: in zebrafish and other commercial fish, such as Nile tilapia,
glyphosate has been linked to developmental problems [19], cardiovascular toxicity [20],
oxidative stress and anxiety [21], and kidney disfunction [22]. Glyphosate impacts aquatic
ecosystems via changes in the abundance and composition of freshwater picoplanktonic
populations [23] and certain species of marine phytoplankton [24]. Glyphosate can have a
negative impact on mammals by altering gene expression and affecting DNA methylation
in human cells [25–27]. The glyphosate-based herbicide RoundupTM, glyphosate, and
AMPA can indirectly cause DNA damage by inducing reactive oxygen species (ROS) pro-
duction in human peripheral blood mononuclear cells [28]. In addition, exposure of human
lymphocytes to glyphosate in higher concentrations (200 µmol/L) than those normally
found in the environment (20–40 µmol/L) demonstrated genotoxic effects [29]. It has also
been associated with increased urinary glyphosate and AMPA levels in humans [30], which,
in turn, have been associated with longer telomere length in leukocytes [31]. Low chronic
maternal exposure to glyphosate has also been associated with reduced immune response
in mice [32].

The degradation of glyphosate can be either biotic, by microorganisms in both aerobic
and anaerobic conditions, or abiotic, by Mn-containing minerals [33], and depends on many
factors, e.g., whether it is found in water or soil, soil properties, weather conditions, and
cultivated plants in the area. Regarding its degradation rate, half-life estimates range from
5 to 180 days [34].

There is limited current knowledge about the pathways involved in phosphonate
degradation, including glyphosate, their regulation, and the relevant enzymes [35]. Three
enzymes have been reported to degrade glyphosate: C-P lyase, which cleaves the bond
after phosphorus; and glyphosate oxidoreductase (Gox) and glycine oxidase (GO), which
both cleave the C-N bond. The last two enzymes produce the same products but their
function is based on a different mechanism (Figure 1).

C-P lyase is a protein complex that consists of two copies each of four proteins (PhnG,
PhnH, PhnI, PhnJ) and one ATP-binding subunit, PhnK. The degradation of glyphosate
by C-P lyase, which takes place under inorganic phosphate (Pi) deficiency [35], results
in the production of sarcosine and phosphate. The C-P lyase complex is part of the C-P
lyase pathway, which converts phosphonate into PRPP (5-phosphoribosyl-a-1-diphosphate)
using ATP [35]. According to the literature, it is widely present across bacteria, and shows
broad substrate specificity, as it cleaves the C-P bond of organophosphonates [36]. At first,
the tertiary structure of the complex was determined without PhnK (PDB accession number:
4XB6) [37]. A few years later, PhnK was also included in the complex via single-particle
cryogenic electron microscopy, which provided valuable insights into the interactions of
PhnK with the core complex and the conformational changes before and after utilizing
ATP (PDB accession number: 7Z19, with ATP: 7Z18), and also, with PhnL in various
conformations (PhnK/PhnL dual ABC dimer, PDB accession numbers: 7Z15, 7Z16) [38].
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PhnJ is the active site of the enzyme (Figure S1). It contains an Fe4S4 complex and a
Zn molecule, which is stabilized by three conserved Cys residues (Cys241, Cys244, and
Cys266), found within the conserved motif CX2CX21C. Two more residues are important
for the reaction mechanism of the complex: Gly32 and Cys272 [39]. Due to the presence of
the fourth conserved Cys residue, it can be included as part of the aforementioned motif,
namely, as CX2CX21CX5C [39]. Cys272 is responsible for the generation of a thiyl radical,
which cleaves the C-P bond of 5-phosphoribosyl-1-phosphonate. Notably, PhnJ does not
contain the signature radical SAM enzyme motif (CX3CX2C), which stabilizes the Fe4S4
complex [39]. A second potential active site is located between PhnJ and PhnI, which
includes the residues His328 and His333 (PhnI) and His108 (PhnJ). Four further domains
(Figure S1) have been described [37]:

• CMD: C-terminal mini domain (PhnJ);
• CID: Central insertion domain (PhnJ), which could participate in the binding of PhnK

to PhnJ;
• BBD: Beta barrel domain (PhnI);
• NTD: N-terminal domain (PhnI).
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Figure 1. The enzymes degrading glyphosate, their reaction mechanisms, and the resulting prod-
ucts. Glyphosate image from https://en.m.wikipedia.org/wiki/File:Glyphosate.svg (accessed on
28 November 2021).

It has been proposed that not all C-P lyases are specific to glyphosate, and that C-P
lyase of Eschericha coli is an example of an (amino)alkylphosphate-specific enzyme without
glyphosate-degrading activity [35,40]. For this reason, there is the hypothesis that two
different types of independently induced C-P lyases exist [35]. However, later research
on Ochrobactrum anthropi and Achromobacter sp. [41] could not provide evidence for the
hypothesis of two distinct C-P lyases (Sviridov A, personal communication).

The glyphosate oxidoreductase (Gox) gene was first characterized from Achromobacter
sp. LBAA, a bacterial strain isolated in a glyphosate waste treatment facility, as part of a
Monsanto patent [42], in order to construct glyphosate-resistant plants. Gox is a monomeric
FAD-dependent enzyme, cleaving the C-N bond of glyphosate and yielding glyoxylate and
the metabolite AMPA. It is speculated that the reduction of FAD takes place in the active
site of the enzyme by glyphosate [42]. There is no known experimental structure of Gox,
although a computed structural model is available [43].

Glycine oxidase (GO) is the third enzyme known to degrade glyphosate. Several GO
structures are available in the PDB (e.g., 3IF9, 1NG4 and 1RYI from Bacillus subtilis). It
is a homotetrameric enzyme and its substrates include glycine, neutral D-amino acids,
and sarcosine. Similar to Gox, it is an FAD-dependent enzyme and it cleaves the C-N
bond, yielding the same degradation products: AMPA and glyoxylate. However, Gox and
GO show low sequence identity [2] and, based on oxygen utilization, appear to have a
different reaction mechanism: oxygen reduction in Gox does not result in the production

https://en.m.wikipedia.org/wiki/File:Glyphosate.svg
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of hydrogen peroxide, which is the case for GO [2,42]. Several studies have focused on
engineering GO in order to enhance its glyphosate-degrading activity [2,44–47].

Given the negative consequences of glyphosate, in this study we look at the character-
istics of the proteins of the glyphosate-degrading enzymes at a sequence level as a way to
understand and optimize their function, by utilizing bioinformatics tools. As GO has been
extensively studied and improved through mutagenesis, we focus on C-P lyase and Gox.
Further insights into the enzymatic degradation of glyphosate by bacteria can contribute to
the eventual application of bioremediation techniques for a faster removal of glyphosate
from affected areas.

2. Materials and Methods

Information on the bacterial species reported to degrade glyphosate and the pathways
or enzymes involved in this activity was collected from relevant references in PubMed [48]
and ScienceDirect [49] (Table 1). These databases, along with PDB [50], were also used to
find the already-available information on enzymes responsible for glyphosate degradation,
namely, Gox, C-P lyase, and GO.

For C-P lyase, the amino acid sequences for each subunit of the complex were collected
using the KEGG Orthology (KO) database [51] and the following entries: PhnJ: K06163,
PhnI: K06164, PhnH: K06165, PhnG: K06166, and PhnK: K05781. The available sequences
were parsed in such a way that a wide variety of representatives from across the bacterial
kingdom were included; the selection was performed manually, using the taxonomy
option of the KO entry and selecting at least one representative per family. The selected
amino acid sequences are available in the Supplementary Dataset in folder “C-P lyase”.
The sequence selected from each taxonomical group was random and we also included
the sequence of E. coli. MUSCLE [52] was used for the multiple alignments, and the
highly conserved residues were marked onto the 3D structure using PyMOL (linux version
2.5.2) [53]. The absolutely conserved residues were selected based on Jalview [54] (scoring
11); residues in positions with a Jalview score of 10 were also selected, which reflects that,
despite variation, physicochemical properties are conserved [54]. The ScanProsite tool
(https://prosite.expasy.org/scanprosite/, accessed on 15 March 2022) was used to search
for motifs in the PhnJ sequences of the C-P lyase complex.

As there is no KEGG Orthology (KO) group for Gox, BLASTp [55] searches for or-
thologs in other species were performed using as a query the Gox amino acid sequence of
Ochrobactrum sp. G-1 (ACZ58378.1). Two different databases were used:

• The nr database (BLASTp_nr), which includes all non-redundant GenBank CDS trans-
lations and also entries from PDB, SwissProt, PIR, and PRF, excluding environmental
samples from WGS projects.

• RefSeq (BLASTp_ref), which contains only curated entries, i.e., one representative or
“Select” transcript for every protein-coding gene, based on specific criteria [55].

Two different BLASTp searches were performed, with default settings, for each database
(Table S1), one without any filters (BLASTp_nr_NOGROUP, BLASTp_ref_NOGROUP) and
one for each bacterial group (BLASTp_nr_GROUP, BLASTp_ref_GROUP), as defined by Jun
et al. [56], aiming at better sampling of more bacterial representatives. The selection of the result-
ing sequences for BLASTp_nr_NOGROUP and BLASTp_ref_NOGROUP was based on the first
100 sequences with the lowest E-value for each protein query. For the BLASTp_nr_NOGROUP,
the highest E-value was 3 × 10−128 and for the BLASTp_ref_NOGROUP 1 × 10−127 (available
in Supplementary Dataset). For BLASTp_nr_GROUP and BLASTp_ref_GROUP, the results with
the lowest E-value for each protein query from each bacterial group were selected. MUSCLE [52]
was used for the multiple alignments.

The Gox 3D structure was computed using I-TASSER [57] and Phyre2 [58], which are
based on homology modeling, as well as AlphaFold Colab, which performs ab initio pre-
diction [59]. The default settings were used. A general comparison of the results was made
by aligning the structures with PyMOL. The results were assessed using QMEANDisCo,
which is part of SWISS-MODEL [60].

https://prosite.expasy.org/scanprosite/
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3. Results and Discussion
3.1. Distribution of Bacterial Species Previously Reported to Degrade Glyphosate

In the literature, 42 different bacterial species have been reported to degrade glyphosate
(Table 1). The majority of the species belong to α-, β-, and γ-proteobacteria, a smaller num-
ber to bacilli and actinobacteria, and some to bacteroidetes (Figure 2). The enzymes or genes
involved in glyphosate degradation have been identified only in some research papers.
In most cases, the possible mechanism was inferred based on the products resulting after
glyphosate consumption by the bacteria, specifically, based on the presence of sarcosine
(indicating C-P lyase activity) or AMPA (indicating Gox activity). In addition to the three
known glyphosate-degrading proteins, the presence of a class II EPSPS synthase-encoding
gene (aroA gene) has also been reported, although the experimental structure of the protein
is not yet known and no further experiments were carried out to test and validate the
activity of aroA [61]. Consequently, the knowledge about the genes and the structure or
mechanism of the enzymes involved in glyphosate degradation is still limited.

Table 1. Bacterial species reported to degrade glyphosate. Depending on the evidence of glyphosate
degradation in each paper, “G” represents the discovery of the responsible gene, “P” the presence of
the degradation product, and hyphen (-) a decrease in the amount of glyphosate.

Group Genus, Species Evidence Products/Genes Detected Reference

actinobacteria Arthrobacter sp. GLP-1 P Sarcosine [62]
actinobacteria Streptomycete sp. StC P Sarcosine [63]
actinobacteria Streptomyces sp. StA P Sarcosine [63]
actinobacteria Rhodococcus soli G41 G soxB gene [64]

actinomycetes Arthrobacter atrocyaneus ATCC
13752 P AMPA [65]

bacilli Geobacillus caldoxylosilyticus T20 P AMPA [66]

bacilli Bacillus cereus CB4 P AMPA, glyoxylate, sarcosine,
formaldehyde [67]

bacilli Lysinibacillus sphaericus P Free phosphorus concentration,
glycine [68]

bacilli Bacillus aryabhattai FACU G goxB gene [69]

bacilli Bacillus. cereus 6 P - Conversion of glyphosate to
polyphosphate [70]

bacteroidetes Flavobacterium sp. GD1 P AMPA [33]
bacteroidetes Chryseobacterium sp. Y16C P AMPA [71]

αctinobacteria Arthrobacter atrocyaneus ATCC
13752 P AMPA [65]

α-proteobacteria Agrobacterium radiobacter P AMPA [33]
α-proteobacteria Ochrobactrum anthropi GPK 3 P AMPA [72]
α-proteobacteria Ochrobactrum sp. GDOS P AMPA [73]
α-proteobacteria Ochrobactrum sp. G1 G gox gene [42]
α-proteobacteria Agrobacterium radiobacter SW9 P AMPA [74]

α-proteobacteria Rhizobiaceae meliloti 1021 G Homology to part of the phn
gene cluster of E. coli [75]

α-proteobacteria Ochrobactrum sp. GDOS P AMPA [73]

α-proteobacteria Agrobacterium tumefaciens
CHLDO G phn gene cluster [76]

α-proteobacteria Ochrobactrum haematophilum SR - -

α-proteobacteria Ochrobactrum intermedium Sq20 G, P Sarcosine, glycine, aroA gene
(class II EPSPS) [61]

β-proteobacteria Comamonas odontotermitis P2 G gox and phnJ genes [77]
β-proteobacteria Achromobacter sp. strain MPK 7A P Sarcosine [72]

β-proteobacteria Achromobacter sp. Kg 16 P AcGP(N-acetylglyphosate),
possibly AMPA [72]

β-proteobacteria Achromobacter Group V D
(Agrobacterium sp. LW9) P AMPA [74]
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Table 1. Cont.

Group Genus, Species Evidence Products/Genes Detected Reference

β-proteobacteria Achromobacter sp. MPS 12A P Methane, sarcosine, glycine [41]
β-proteobacteria Alcaligenes sp. GL P Sarcosine [78]

β-proteobacteria Burkholderia vietnamiensis strain
AQ5-12 - - [79]

β-proteobacteria Achromobacter denitrificans SOS5 - - [76]
β-proteobacteria Achromobacter insolitus SOR2 - - [76]
β-proteobacteria Achromobacter xylosoxidans SOS3 - - [76]

β-proteobacteria Achromobacter insolitus str Kg 19
(VKM B-3295) G phnJ gene [80]

γ-proteobacteria Pseudomonas sp. LBr P AMPA, a very small amount of
glycine 5% [81]

γ-proteobacteria Providencia rettgeri GDB 1 P AMPA [82]
γ-proteobacteria Pseudomonas sp. 4ASW P Sarcosine [83]
γ-proteobacteria Enterobacter cloacae K7 P Sarcosine, glycine [84]
γ-proteobacteria Enterobacter sp. Bisph2 - - [85]

γ-proteobacteria Pseudomonas pseudomallei 22 G, P Phosphotransferase genes glpA
and glpB [86]

γ-proteobacteria Pseudomonas sp. GLC11 - - [87]
γ-proteobacteria Pseudomonas sp. PG2982 P Sarcosine [88]

γ-proteobacteria Pseudomonas sp. SG-1 Glyphosate concentration
decreased [89]

γ-proteobacteria Pseudomonas nitroreducens TR3 - - [76]
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Figure 2. Distribution of the bacterial species reported to degrade glyphosate, based on the data
available in Table 1 (blue bars). The red stars (*) indicate the additional lineages, for which no
glyphosate-degrading species have been reported yet, and which, based on our KEGG and BLASTp
searches, may have glyphosate-degrading activity. Further research is required to confirm this activity.

3.2. Protein Conservation across Prokaryotes

The entries in KEGG for the proteins of the C-P lyase complex belong to a wide range
of bacterial phyla (Figure S2A,C). The bacterial species expected to express C-P lyase based
on KEGG (Figure S2) belong to more bacterial groups than the bacterial species reported
in the literature as degrading glyphosate (Table 1, Figure 2). This suggests that there are
more bacterial species with the potential to degrade glyphosate that have not been studied
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yet; it may also simply show conserved function against phosphonates, which may or may
not include glyphosate. More specifically, the additional bacterial groups found after our
KEGG search are actinobacteria, chloroflexi, clostridia, cyanobacteria, δ-proteobacteria, and
ε-proteobacteria.

For Gox, as there were no relevant KEGG entries, we performed BLASTp and NCBI [90]
keyword searches. We were able to find only 13 annotated Gox proteins. Those belong
to α-proteobacteria, β-proteobacteria, and bacilli, but many of them are partial and the
organism is not yet known (Table S2). The BLASTp search results included mostly FAD-
dependent oxidoreductases, D-amino acid dehydrogenases, and glycine oxidases. Based
on the percent identity of the BLASTp results, the sequences with the general term “FAD-
dependent oxidases” showed higher sequence similarity to the annotated Gox sequences
than the “D-amino acid dehydrogenases” and GOs; GOs demonstrated the lowest average
percent identity (Figure S3).

The BLASTp searches for Gox without filtering per group showed fewer bacterial
groups than those reported in the literature, namely, sequences only from α-, β-, and
γ-proteobacteria (Figures S2B, S4 and S5). However, when we performed the searches
per bacterial group, the diversity of the results increased significantly (Figure S2B,D). In
addition to the aforementioned groups, we found entries belonging to verrucomicrobia,
fusobacteria, aquificae, and planctomycetes. Figures S4 and S5 show distinctive changes
in the phylogenetic distribution of the BLASTp results. Although there are no known
motifs of Gox responsible for glyphosate degradation, these BLASTp results are worth
investigating further for such a potential.

3.3. Conserved Residues in C-P Lyase

Multiple alignments of each of the proteins of the C-P lyase complex revealed a large
number of conserved residues (Figure S6). The results were compared with the C-P lyase
complex of E. coli (4X6B), which has been extensively studied previously. Although E. coli
cannot degrade glyphosate, PhnI and PhnJ proteins show a high degree of conservation
with glyphosate-degrading bacteria (Sinorhizobium meliloti) [75]. A detailed description
of the discovered conserved residues, previous mentions in the bibliography, and the
secondary structure of each region are found in Table 2. The position of the highly conserved
residues on the tertiary structure of the enzyme is highlighted in Figure S7.

From our alignments, many previously unreported conserved residues were discovered,
which could be significant for the function of the enzyme. Some of these residues are close to
the active site of PhnJ, or are part of the domains CMD, CID (PhnJ), BBD, and NTD (PhnI). The
function of certain conserved residues has been suggested previously and, by proximity, we can
deduce the function of several of the newly identified conserved residues. For example, residues
G208, R209, G47, G49, V125, T50, and G51 were previously found, using molecular docking, to
interact with AMPA via hydrogen bonds [43]; we find conservation of these residues, which
lends support to their important role, and we suggest that they also surround and may help
stabilize the Fe4S4 cluster. Also, in addition to the Cys residues surrounding Zn, Gly245 is
conserved right next to Cys244, suggesting that this may also contribute to stabilizing Zn. The
loop containing the universally conserved Gly32 also contains two more conserved residues
(Pro31, Gln34), which could participate in receiving the intermediate radical while catalyzing
the substrate formed by SAM. The fact that the CMD domain only contains three conserved
residues matches the hypothesis that it might detach from the core of PhnJ during interaction [37].
Conserved His residues in the interface of PhnJ and PhnI also coordinate a second Zn molecule.
From our alignments, more residues were found to be conserved in this region in both the
PhnJ and PnhI proteins, suggesting that they contribute to the overall structure around Zn.
The large number of highly conserved residues supports the assumption that this could be
a potential second active site of the C-P lyase complex [37]. PhnG is generally not highly
conserved. However, there are a small number of conserved residues in the C-terminal part,
which is reported to interact with PhnI [47]. Notably, there is a set of conserved residues, remote
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from the rest of the C-P lyase core complex, which does not seem to interact with any substrate
or other proteins of the complex.

Table 2. Conserved residues of the C-P lyase complex of E. coli, identified in alignments from this
study, compared to those described in the literature, for the proteins PhnJ, PhnI, and PhnG. The
blue highlighted residues are the unique ones found in this study, which are not mentioned in the
literature. The green highlighted residues are those mentioned in the literature which were not highly
conserved in our alignments (i.e., scores 10 or 11 based on Jalview, see methods). The asterisk (*)
denotes that P36 is at the border of loop2 and a b-sheet that precedes the loop.

PhnJ

Secondary
Structure

MUSCLE Alignment
Residues Identified in Alignments from

This Study

Conserved Residues as
Given by

Seweryn et al. [37]

Residues Predicted In Silico to
Participate in Interaction with

AMPA and GLP [43].
HB: H Bond

HI: Hydrophobic Interaction

Residues Surrounding the Fe4S4 Cluster

loop 1 A207 , G208, R209, E210 - AMPA: G208 (HB), R209 (HB)

loop 2 P36 *, P40 , P43
Near the cluster: G47, G49 - AMPA: G47 (HB), G49 (HB)

loop 3 Q124 , V125, P126 - AMPA: V125 (HB)

helix 1
T50, G51, G52
More distant: Q54

- AMPA: T50 (HB), G51 (HB)

Residues surrounding Zn

loop 4

G245

C241, C244
Y250 (HI); more distant to Zn,
S267 (HB)

β sheet loop C266

helix6 C272

Residues surrounding universally conserved residue G32

loop 5 P31, Q34 G32

CID—Central insertion domain—contacts both of the central PhnI molecules

loop 3 L131, E135

129–169helix 2 H145

helix 3 Y150, L157

CMD—C-terminal mini domain—stabilized by Zn ion and conserved C residues

β hairpin E253 (loop), G260 (β sheet) 236–281

His108 coordinate Zn ion with 2 His from PhnI

loop 6
R107 , R109

More distant: P111, F112, L115
H108 GLP: H108 (HB), R109 (HI)

loop 7 P187 -

helix 5 P189, D192 - GLP: P189 (HI)

loop 8 D70 , Q71, G72 - GLP: Q71 (HB)

Two of the residues (PhnI His328 and His333) coordinate the zinc ion directly PhnJ His108, PhnI His328, and PhnI His333 are
located in a cavity between PhnI and PhnJ

β strand 1 K67 , V68 , I69 , D70

loop Q71 , G72

β strand 2 I104 , Q105 , R107

loop R109 (H108)

loop (Bhatt) P174 , F232 Y171 (HI)

PhnI
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Table 2. Cont.

Secondary
structure

MUSCLE alignment
Residues not reported by [37], identified in alignments from this

study
Conserved residues [37]

Residues surrounding the Fe4S4 cluster

loop 1 A55 G278 -
loop 2

NTD—N-terminal domain

β strand 1 Y2, A4

1–88

helix 2 G7, G8, A11
helix 3 E51
loop 1 A55

helix 4
A60 , A63 ,
Q66

loop 4 G69

helix 5
E73 , A74 ,
R82 , T84

β strand 2 K87

His108 coordinate Zn ion with 1 His from PhnJ

loop 5 P332 -
helix 6 Y334 H333

helix 7
F325, K330
Further away:
D318, G324

H328

C-terminal

helix 8 R189, R198,
Y209, R213

188–318

loop 6 G214, G216,
H219

β strand 3 G223, E224,
R226, G228

β strand 4 G246, E252
β strand 5 G272, G274
loop 7 G278

helix 9 E281, K283,
M287

helix 10 F312, H316
helix 11 D318

PhnG

Secondary
structure

MUSCLE alignment
Residues not reported by [37], identified in alignments from this

study
Conserved residues [37]

β-hairpin and C-terminal helix form a molecular clamp that connects to a groove in PhnI

β strand 1 G63 - -
β strand 2 G80 - -

helix
A96 , D99 ,
A100

- -

loop V139 , F141 - -

Most residues which are reported to be conserved in the literature and play a significant
role in the function of the enzyme were also conserved in our alignments. However, five
residues of PhnJ that are expected to interact with glyphosate and AMPA in silico [43], and
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three of the residues participating in the conserved Cys motif of PhnJ, are not absolutely
conserved in our alignment. This discrepancy may be because we used more sequences in
the alignments compared to Seweryn et al. [37]. Cys244 and Cys266 are present in 96% of
the sequences, but they are replaced by amino acids with the same properties (Ser or Thr
and Ile or Thr, respectively). The most important change is noticed for Cys272, which plays
a significant role in the function of the enzyme as it is the last Cys residue of the conserved
motif CX2CX21CX5C [37]. According to our results, position 310 of the multiple alignment,
which corresponds to Cys272 of E. coli, was not absolutely conserved in all sequences and
it was replaced by either Met or Leu. The sequences that did not correspond to Cys in this
position were:

• cyb—Synechococcus sp. JA-2-3B’a(2-13) (bacteroidota)—Met269;
• muh—Mucilaginibacter celer HYN0043 (bacteroidota)—Leu276;
• shv—Salinicoccus halodurans H3B36 (bacilli)—Met269;
• crn—Carnobacterium sp. 17-4 (bacilli)—Met27.

This raised the question of whether the motif is present in another part of the sequences,
and whether the rest of the sequences actually have the conserved motif. Although Cys was
conserved in this position for the rest of the entries, in some cases the number of residues
between the conserved Cys was different than that determined for the CX2CX21CX5C
motif. For this reason, we searched for the motif CX2CX21CX5C in all of our sequences: it
was found in only 77 out of 93 PhnJ sequences in total. The 16 sequences in which the motif
was not present are shown in Table S3. However, as the typical motif for SAM enzymes is
CX3CX2C, and variations of this motif (CX4CX2C, CX5CX2C, CX3CX3C, CX14CX2C) can
also be observed [91], we also searched for these motifs in our sequences. The CX3CX2C
SAM typical motif was not found in any of the sequences, and none of the sequences
without the CX2CX21CX5C motif contain any alternative motif. Only two sequences
contained the alternative motif CX5CX2C and, interestingly, both have the motif of PhnJ
too: hbe—Halomonas beimenensis NTU-111 (γ-proteobacteria), and stea—Sporolactobacillus
terrae DRG1 (bacilli).

3.4. Structure of Gox

There is no available experimental structure for Gox in PDB. The only attempt at a
structural approach used Phyre2, based on the amino acid sequence of Ochrobactrum sp. G1
(ACZ58378.1) [43]. We created structural models based on AlphaFold Colab and I-TASSER,
which present similarities with Phyre2 (Figure 3). According to the evaluation based on
QMEANDisCo (Figure S8), the best model is produced by AlphaFold, a conclusion that is
supported by the recent assessment of structure prediction models (CASP14), referring to
the performance of AlphaFold [92]. Phyre2 and AlphaFold show significant differences in
specific regions of the predicted structure, which end up around the surface of the structure
(Figures 3 and S9). Based on the docking results of Bhatt et al. [43], glyphosate is expected
to bind to the center of the protein. There are slight differences between the three models;
for example, R358 is part of a loop in I-TASSER but on a beta sheet in AlphaFold and
Phyre2, and M388 is in a helix in Phyre2, but part of a loop in I-TASSER and AlphaFold.
As glyphosate is a small molecule and these accumulative small changes may alter the
shape of the binding site, this can have an impact on the functionality of the proposed
binding site on each calculated structure. It is also not known yet if Gox acts as a monomer
or dimer/polymer; in the latter case, the peripheral structure may also play a role in
subunit interactions.

The residues hypothesized by Bhatt et al. [43] to interact with glyphosate were not
consistently conserved in our multiple alignments (Table 3). None of the residues were
conserved for all datasets, and only N47 and R358 were highly conserved for the results
of both BLASTp_nr_NOGROUP and BLASTp_ref_NOGROUP. Residues like V16, A43,
and M388 were conserved in less than 50% of the sequences in all 4 alignments. Therefore,
further structural and docking studies are needed in order to obtain a more precise model
of the Gox active site.
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Figure 3. The computed 3D structures of Gox from Ochrobactrum sp. G-1 (NCBI Accession number
ACZ58378.1) using AlphaFold, Phyre2, and I-TASSER. Top panel: individual models with the ranking
for each program (local quality estimate, QMEANDisCo global ranking). * Although the performance
of I-TASSER and Phyre2 seems to be the same, it is important to note that part of the structure
is missing in Phyre2, which has a significantly low score in AlphaFold and I-TASSER (Figure S8).
Bottom panel: Structures aligned using PyMOL.

Table 3. Conservation of residues hypothesized by Bhatt et al. [43] to interact with glyphosate in our
multiple alignments. Green crosses show the residues of the computed binding site that are highly
conserved in each of our own multiple alignments (corresponding to a Jalview score of 10 or 11).

Bhatt et al.,
2021

BLASTp_nr_
NOGROUP

BLASTp_ref_
NOGROUP

BLASTp_nr_
GROUP

BLASTp_ref_
GROUP

G14 + +
I15
V16
A43 +
S44
N47 + +
R358 + +
G384
G387 + +
M388

4. Conclusions

In this study, based on BLAST and KEGG searches, additional lineages were identi-
fied, which are worth investigation for glyphosate-degrading activity, as no glyphosate-
degrading species have been reported from these lineages yet. Furthermore, additional
conserved residues have been identified for each protein of the C-P lyase complex. Further
studies would be useful to determine their role in the structure and function of the complex.
Interestingly, Cys272 of PhnJ from E. coli, an important residue for the function of the active
site of C-P lyase, is overall conserved but not present in all PhnJ sequences, raising the
question of whether those PhnJ sequences have an alternative mechanism or if they have a
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different activity. Given the limited information on glyphosate degradation through the
C-P lyase pathway [35], further studies of the C-P lyase pathway and the participating
genes are needed, e.g., regarding the efficiency of the enzyme and the dependence of the
phn gene expression on Pi deficiency.

Oxidoreductases are a large group of versatile enzymes [93] with conserved domains
of low sequence similarity. There is a big research gap in the amino acid sequences of
proteins known to degrade glyphosate, as most studies of glyphosate-degrading activity
are based on detecting the degradation products with no further analysis at sequence level
or identification of the responsible protein (Table 1). Bioinformatics analysis of already
available biological data can contribute to the knowledge about Gox proteins. There are
only a few annotated Gox proteins and we lack information about their reaction mechanism,
the participating residues, and even the biological function in the bacteria which express
them. The BLAST results show that Gox sequences are more similar to “FAD-dependent
oxidases”. An experimentally determined Gox structure is not yet available and the binding
site of glyphosate to the protein is not known yet. Here, we compare models based on three
programs. The majority of the residues previously proposed to interact with glyphosate
are not highly conserved in our alignments. Therefore, it would be interesting to create
a more detailed structure in silico, which can be used for docking, in order to study the
interacting residues and to search for enzymes with similar active sites. This could lead to
the discovery of enzymes with higher efficiency, being better candidates to be applied in
situ for the remediation of contaminated sites.
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28. Woźniak, E.; Sicińska, P.; Michałowicz, J.; Woźniak, K.; Reszka, E.; Huras, B.; Zakrzewski, J.; Bukowska, B. The Mechanism of DNA
Damage Induced by Roundup 360 PLUS, Glyphosate and AMPA in Human Peripheral Blood Mononuclear Cells—Genotoxic
Risk Assessement. Food Chem. Toxicol. 2018, 120, 510–522. [CrossRef]

29. Tarboush, N.A.; Almomani, D.H.; Khabour, O.F.; Azzam, M.I. Genotoxicity of Glyphosate on Cultured Human Lymphocytes. Int.
J. Toxicol. 2022, 41, 126–131. [CrossRef]

30. Lucia, R.M.; Huang, W.L.; Pathak, K.V.; McGilvrey, M.; David-Dirgo, V.; Alvarez, A.; Goodman, D.; Masunaka, I.; Odegaard, A.O.;
Ziogas, A.; et al. Association of Glyphosate Exposure with Blood DNA Methylation in a Cross-Sectional Study of Postmenopausal
Women. Environ. Health Perspect. 2022, 130, 047001. [CrossRef]

31. Cosemans, C.; Van Larebeke, N.; Janssen, B.G.; Martens, D.S.; Baeyens, W.; Bruckers, L.; Den Hond, E.; Coertjens, D.; Nelen, V.;
Schoeters, G.; et al. Glyphosate and AMPA Exposure in Relation to Markers of Biological Aging in an Adult Population-Based
Study. Int. J. Hyg. Environ. Health 2022, 240, 113895. [CrossRef]

32. Buchenauer, L.; Junge, K.M.; Haange, S.B.; Simon, J.C.; von Bergen, M.; Hoh, A.L.; Aust, G.; Zenclussen, A.C.; Stangl, G.I.; Polte, T.
Glyphosate Differentially Affects the Allergic Immune Response across Generations in Mice. Sci. Total Environ. 2022, 850, 157973.
[CrossRef]

33. la Cecilia, D.; Maggi, F. Analysis of Glyphosate Degradation in a Soil Microcosm. Environ. Pollut. 2018, 233, 201–207. [CrossRef]
[PubMed]

34. Mercurio, P.; Flores, F.; Mueller, J.F.; Carter, S.; Negri, A.P. Glyphosate Persistence in Seawater. Mar. Pollut. Bull. 2014, 85, 385–390.
[CrossRef] [PubMed]

35. Sviridov, A.V.; Shushkova, T.V.; Ermakova, I.T.; Ivanova, E.V.; Epiktetov, D.O.; Leontievsky, A.A. Microbial Degradation of
Glyphosate Herbicides (Review). Appl. Biochem. Microbiol. 2015, 51, 188–195. [CrossRef]

36. Hove-jensen, B.; Zechel, D.L. Utilization of Glyphosate as Phosphate Source: Biochemistry and Genetics of Bacterial Carbon-
Phosphorus Lyase. Biotechnol. Mol. Biol. Rev. 2014, 78, 176–197. [CrossRef]

37. Seweryn, P.; Van, L.B.; Kjeldgaard, M.; Russo, C.J.; Passmore, L.A.; Hove-Jensen, B.; Jochimsen, B.; Brodersen, D.E. Structural
Insights into the Bacterial Carbon-Phosphorus Lyase Machinery. Nature 2015, 525, 68–72. [CrossRef]

38. Amstrup, S.K.; Ong, S.C.; Sofos, N.; Karlsen, J.L.; Skjerning, R.B.; Boesen, T.; Enghild, J.J.; Hove-Jensen, B.; Brodersen, D.E.
Structural Remodelling of the Carbon–Phosphorus Lyase Machinery by a Dual ABC ATPase. Nat. Commun. 2023, 14, 1001.
[CrossRef]

39. Kamat, S.S.; Raushel, F.M. PhnJ—A Novel Radical SAM Enzyme from the C–P Lyase Complex. Perspect Sci. 2015, 4, 32–37.
[CrossRef]

40. Kononova, S.V.; Trutko, S.M.; Laurinavichus, K.S. Detection of C-P-Lyase Activity in a Cell-Free Extract of Escherichia Coli. Appl.
Biochem. Microbiol. 2007, 43, 394–398. [CrossRef]

41. Sviridov, A.V.; Shushkova, T.V.; Zelenkova, N.F.; Vinokurova, N.G.; Morgunov, I.G.; Ermakova, I.T.; Leontievsky, A.A. Distribution
of Glyphosate and Methylphosphonate Catabolism Systems in Soil Bacteria Ochrobactrum anthropi and Achromobacter Sp. Appl.
Microbiol. Biotechnol. 2012, 93, 787–796. [CrossRef]

42. Barry, G.F.; Kishore, G.M. Glyphosate Tolerant Plants. US Patent 5463175, 31 October 1995.
43. Bhatt, P.; Joshi, T.; Bhatt, K.; Zhang, W.; Huang, Y.; Chen, S. Binding Interaction of Glyphosate with Glyphosate Oxidoreductase

and C–P Lyase: Molecular Docking and Molecular Dynamics Simulation Studies. J. Hazard. Mater. 2021, 409, 124927. [CrossRef]
44. Yao, P.; Lin, Y.; Wu, G.; Lu, Y.; Zhan, T.; Kumar, A.; Zhang, L.; Liu, Z. Improvement of Glycine Oxidase by DNA Shuffling, and

Site-Saturation Mutagenesis of F247 Residue. Int. J. Biol. Macromol. 2015, 79, 965–970. [CrossRef] [PubMed]
45. Zhan, T.; Zhang, K.; Chen, Y.; Lin, Y.; Wu, G.; Zhang, L.; Yao, P.; Shao, Z.; Liu, Z. Improving Glyphosate Oxidation Activity of

Glycine Oxidase from Bacillus cereus by Directed Evolution. PLoS ONE 2013, 8, e79175. [CrossRef] [PubMed]
46. Zhang, K.; Guo, Y.; Yao, P.; Lin, Y.; Kumar, A.; Liu, Z.; Wu, G.; Zhang, L. Characterization and Directed Evolution of BliGO, a

Novel Glycine Oxidase from Bacillus licheniformis. Enzym. Microb. Technol. 2016, 85, 12–18. [CrossRef] [PubMed]
47. Qin, Y.; Wu, G.; Guo, Y.; Ke, D.; Yin, J.; Wang, D.; Fan, X.; Liu, Z.; Ruan, L.; Hu, Y. Engineered Glyphosate Oxidase Coupled to

Spore-Based Chemiluminescence System for Glyphosate Detection. Anal. Chim. Acta 2020, 1133, 39–47. [CrossRef] [PubMed]
48. National Library of Medicine; National Institutes of Health; U.S. Department of Health and Human Services PubMed. Available

online: https://pubmed.ncbi.nlm.nih.gov/ (accessed on 12 December 2021).
49. Elsevier, B.V. ScienceDirect. Available online: https://www.sciencedirect.com/ (accessed on 10 June 2022).
50. Berman, H.M.; Westbrook, J.; Feng, Z.; Gilliland, G.; Bhat, T.N.; Weissig, H.; Shindyalov, I.N.; Bourne, P.E. The Protein Data Bank.

Nucleic Acids Res. 2000, 28, 235–242. [CrossRef]
51. Kanehisa Laboratories KEGG: Kyoto Encyclopedia of Genes and Genomes. Available online: https://www.kegg.jp/kegg/

(accessed on 15 June 2021).
52. Edgar, R.C. MUSCLE: Multiple Sequence Alignment with High Accuracy and High Throughput. Nucleic Acids Res. 2004, 32,

1792–1797. [CrossRef]
53. The PyMOL Molecular Graphics System, Version 2.5.2; Schrödinger, LLC.: New York, NY, USA, 2021. Available online: https:

//pymol.org/support.html (accessed on 11 November 2023).

https://doi.org/10.3390/ijms22062966
https://www.ncbi.nlm.nih.gov/pubmed/33803994
https://doi.org/10.1016/j.fct.2018.07.035
https://doi.org/10.1177/10915818211073514
https://doi.org/10.1289/EHP10174
https://doi.org/10.1016/j.ijheh.2021.113895
https://doi.org/10.1016/j.scitotenv.2022.157973
https://doi.org/10.1016/j.envpol.2017.10.017
https://www.ncbi.nlm.nih.gov/pubmed/29078124
https://doi.org/10.1016/j.marpolbul.2014.01.021
https://www.ncbi.nlm.nih.gov/pubmed/24467857
https://doi.org/10.1134/S0003683815020209
https://doi.org/10.1128/MMBR.00040-13
https://doi.org/10.1038/nature14683
https://doi.org/10.1038/s41467-023-36604-y
https://doi.org/10.1016/j.pisc.2014.12.006
https://doi.org/10.1134/S0003683807040060
https://doi.org/10.1007/s00253-011-3485-y
https://doi.org/10.1016/j.jhazmat.2020.124927
https://doi.org/10.1016/j.ijbiomac.2015.05.030
https://www.ncbi.nlm.nih.gov/pubmed/26025077
https://doi.org/10.1371/journal.pone.0079175
https://www.ncbi.nlm.nih.gov/pubmed/24223901
https://doi.org/10.1016/j.enzmictec.2015.12.012
https://www.ncbi.nlm.nih.gov/pubmed/26920475
https://doi.org/10.1016/j.aca.2020.07.077
https://www.ncbi.nlm.nih.gov/pubmed/32993872
https://pubmed.ncbi.nlm.nih.gov/
https://www.sciencedirect.com/
https://doi.org/10.1093/nar/28.1.235
https://www.kegg.jp/kegg/
https://doi.org/10.1093/nar/gkh340
https://pymol.org/support.html
https://pymol.org/support.html


Bacteria 2024, 3 328

54. Waterhouse, A.M.; Procter, J.B.; Martin, D.M.A.; Clamp, M.; Barton, G.J. Jalview Version 2-A Multiple Sequence Alignment Editor
and Analysis Workbench. Bioinformatics 2009, 25, 1189–1191. [CrossRef]

55. Madden Thomas The BLAST Sequence Analysis Tool In The NCBI Handbook [Internet]. Available online: https://www.ncbi.
nlm.nih.gov/books/NBK153387/ (accessed on 20 February 2024).

56. Jun, S.R.; Sims, G.E.; Wu, G.A.; Kim, S.H. Whole-Proteome Phylogeny of Prokaryotes by Feature Frequency Profiles: An
Alignment-Free Method with Optimal Feature Resolution. Proc. Natl. Acad. Sci. USA 2010, 107, 133–138. [CrossRef]

57. Roy, A.; Kucukural, A.; Zhang, Y. I-TASSER: A Unified Platform for Automated Protein Structure and Function Prediction. Nat.
Protoc. 2010, 5, 725–738. [CrossRef]

58. Kelley, L.A.; Mezulis, S.; Yates, C.M.; Wass, M.N.; Sternberg, M.J.E. The Phyre2 Web Portal for Protein Modeling, Prediction and
Analysis. Nat. Protoc. 2015, 10, 845–858. [CrossRef]

59. Mirdita, M.; Schütze, K.; Moriwaki, Y.; Heo, L.; Ovchinnikov, S.; Steinegger, M. ColabFold: Making Protein Folding Accessible to
All. Nat. Methods 2022, 19, 679–682. [CrossRef] [PubMed]

60. Studer, G.; Rempfer, C.; Waterhouse, A.M.; Gumienny, G.; Haas, J.; Schwede, T. QMEANDisCo—Distance Constraints Applied on
Model Quality Estimation. Bioinformatics 2020, 36, 1765–1771. [CrossRef]

61. Firdous, S.; Iqbal, S.; Anwar, S.; Jabeen, H. Identification and Analysis of 5-Enolpyruvylshikimate-3-Phosphate Synthase (EPSPS)
Gene from Glyphosate-Resistant Ochrobactrum Intermedium Sq20. Pest. Manag. Sci. 2018, 74, 1184–1196. [CrossRef] [PubMed]

62. Kertesz, M.; Elgorriaga, A.; Amrhein, N. Evidence for Two Distinct Phosphonate-Degrading Enzymes (C-P Lyases) in Arthrobacter
Sp. GLP-1. Biodegradation 1991, 2, 53–59. [CrossRef]

63. Obojska, A.; Lejczak, B.; Kubrak, M. Degradation of Phosphonates by Streptomycete Isolates. Appl. Microbiol. Biotechnol. 1999, 51,
872–876. [CrossRef] [PubMed]

64. Nguyen, T.N.; Vo, V.T.; Nguyen, T.H.P.; Kiefer, R. Isolation and Optimization of a Glyphosate-Degrading Rhodococcus soli G41 for
Bioremediation. Arch. Microbiol. 2022, 204, 252. [CrossRef] [PubMed]

65. Pipke, R.; Amrheint, N. Degradation of the Phosphonate Herbicide Glyphosate by Arthrobacter atrocyaneus ATCC 13752. Appl.
Environ. Microbiol. 1988, 54, 1293–1296. [CrossRef]

66. Obojska, A.; Ternan, N.G.; Lejczak, B.; Kafarski, P.; McMullan, G. Organophosphonate Utilization by the Thermophile Geobacillus
caldoxylosilyticus T20. Appl. Environ. Microbiol. 2002, 68, 2081–2084. [CrossRef]

67. Fan, J.; Yang, G.; Zhao, H.; Shi, G.; Geng, Y.; Hou, T.; Tao, K. Isolation, Identification and Characterization of a Glyphosate-
Degrading Bacterium, Bacillus cereus CB4, from Soil. J. Gen. Appl. Microbiol. 2012, 58, 263–271. [CrossRef]

68. González-Valenzuela, L.E.; Dussán, J. Molecular Assessment of Glyphosate-Degradation Pathway via Sarcosine Intermediate in
Lysinibacillus sphaericus. Environ. Sci. Pollut. Res. 2018, 25, 22790–22796. [CrossRef]

69. Elarabi, N.I.; Abdelhadi, A.A.; Ahmed, R.H.; Saleh, I.; Arif, I.A.; Osman, G.; Ahmed, D.S. Bacillus aryabhattai FACU: A Promising
Bacterial Strain Capable of Manipulate the Glyphosate Herbicide Residues. Saudi J. Biol. Sci. 2020, 27, 2207–2214. [CrossRef]
[PubMed]

70. Acosta-Cortés, A.G.; Martinez-Ledezma, C.; López-Chuken, U.J.; Kaushik, G.; Nimesh, S.; Villarreal-Chiu, J.F. Polyphosphate
Recovery by a Native Bacillus cereus Strain as a Direct Effect of Glyphosate Uptake. ISME J. 2019, 13, 1497–1505. [CrossRef]
[PubMed]

71. Zhang, W.; Li, J.; Zhang, Y.; Wu, X.; Zhou, Z.; Huang, Y.; Zhao, Y.; Mishra, S.; Bhatt, P.; Chen, S. Characterization of a Novel
Glyphosate-Degrading Bacterial Species, Chryseobacterium Sp. Y16C, and Evaluation of Its Effects on Microbial Communities in
Glyphosate-Contaminated Soil. J. Hazard. Mater. 2022, 432, 128689. [CrossRef] [PubMed]

72. Ermakova, I.T.; Shushkova, T.V.; Sviridov, A.V.; Zelenkova, N.F.; Vinokurova, N.G.; Baskunov, B.P.; Leontievsky, A.A. Organophos-
phonates Utilization by Soil Strains of Ochrobactrum anthropi and Achromobacter Sp. Arch. Microbiol. 2017, 199, 665–675. [CrossRef]

73. Hadi, F.; Mousavi, A.; Noghabi, K.A.; Tabar, H.G.; Salmanian, A.H. New Bacterial Strain of the Genus Ochrobactrum with
Glyphosate-Degrading Activity. J. Environ. Sci. Health B 2013, 48, 208–213. [CrossRef]

74. Mcauliffe, K.S.; Hallas, L.E.; Kulpa, C.F. Glyphosate Degradation by Agrobacterium radiobacter Isolated from Activated Sludge. J.
Ind. Microbiol. 1990, 6, 219–221. [CrossRef]

75. Parker, G.F.; Higgins, T.P.; Hawkes, T.; Robson, R.L. Rhizobium (Sinorhizobium) meliloti phn Genes: Characterization and Identifica-
tion of Their Protein Products. J. Bacteriol. 1999, 181, 389–395. [CrossRef]

76. Masotti, F.; Garavaglia, B.S.; Piazza, A.; Burdisso, P.; Altabe, S.; Gottig, N.; Ottado, J. Bacterial Isolates from Argentine Pampas
and Their Ability to Degrade Glyphosate. Sci. Total Environ. 2021, 774, 145761. [CrossRef]

77. Firdous, S.; Iqbal, S.; Anwar, S. Optimization and Modeling of Glyphosate Biodegradation by a Novel Comamonas odontotermitis
P2 through Response Surface Methodology. Pedosphere Int. J. 2020, 30, 618–627. [CrossRef]

78. Lerbs, W.; Stock, M.; Parthier, B. Physiological Aspects of Glyphosate Degradation in Alcaligenes Spec. Strain GL. Arch. Microbiol.
1990, 153, 146–150. [CrossRef]

79. Manogaran, M.; Shukor, M.Y.; Yasid, N.A.; Khalil, K.A.; Ahmad, S.A. Optimisation of Culture Composition for Glyphosate
Degradation by Burkholderia vietnamiensis Strain AQ5-12. 3Biotech 2018, 8, 108. [CrossRef] [PubMed]

80. Tarlachkov, S.V.; Epiktetov, D.O.; Sviridov, A.V.; Shushkova, T.V.; Ermakova, I.T.; Leontievsky, A.A. Draft Genome Sequence of
Glyphosate-Degrading Achromobacter insolitus Strain Kg 19 (VKM B-3295), Isolated from Agricultural Soil. Microbiol. Resour.
Announc. 2020, 9. [CrossRef] [PubMed]

https://doi.org/10.1093/bioinformatics/btp033
https://www.ncbi.nlm.nih.gov/books/NBK153387/
https://www.ncbi.nlm.nih.gov/books/NBK153387/
https://doi.org/10.1073/pnas.0913033107
https://doi.org/10.1038/nprot.2010.5
https://doi.org/10.1038/nprot.2015.053
https://doi.org/10.1038/s41592-022-01488-1
https://www.ncbi.nlm.nih.gov/pubmed/35637307
https://doi.org/10.1093/bioinformatics/btz828
https://doi.org/10.1002/ps.4624
https://www.ncbi.nlm.nih.gov/pubmed/28544077
https://doi.org/10.1007/BF00122425
https://doi.org/10.1007/s002530051476
https://www.ncbi.nlm.nih.gov/pubmed/10422232
https://doi.org/10.1007/s00203-022-02875-0
https://www.ncbi.nlm.nih.gov/pubmed/35411478
https://doi.org/10.1128/aem.54.5.1293-1296.1988
https://doi.org/10.1128/AEM.68.4.2081-2084.2002
https://doi.org/10.2323/jgam.58.263
https://doi.org/10.1007/s11356-018-2364-9
https://doi.org/10.1016/j.sjbs.2020.06.050
https://www.ncbi.nlm.nih.gov/pubmed/32884402
https://doi.org/10.1038/s41396-019-0366-3
https://www.ncbi.nlm.nih.gov/pubmed/30742059
https://doi.org/10.1016/j.jhazmat.2022.128689
https://www.ncbi.nlm.nih.gov/pubmed/35325860
https://doi.org/10.1007/s00203-017-1343-8
https://doi.org/10.1080/03601234.2013.730319
https://doi.org/10.1007/BF01577700
https://doi.org/10.1128/JB.181.2.389-395.1999
https://doi.org/10.1016/j.scitotenv.2021.145761
https://doi.org/10.1016/S1002-0160(17)60381-3
https://doi.org/10.1007/BF00247812
https://doi.org/10.1007/s13205-018-1123-4
https://www.ncbi.nlm.nih.gov/pubmed/29430369
https://doi.org/10.1128/MRA.00284-20
https://www.ncbi.nlm.nih.gov/pubmed/32327510


Bacteria 2024, 3 329

81. Jacob, G.S.; Garbow, J.R.; Hallas, L.E.; Kimack, N.M.; Kishore, G.M.; Schaefer, J. Metabolism of glyphosate in Pseudomonas sp.
strain LBr. Appl. Environ. Microbiol. 1988, 54, 2953–2958. [CrossRef]

82. Xu, B.; Sun, Q.J.; Lan, J.C.W.; Chen, W.M.; Hsueh, C.C.; Chen, B.Y. Exploring the Glyphosate-Degrading Characteristics of a Newly
Isolated, Highly Adapted Indigenous Bacterial Strain, Providencia rettgeri GDB 1. J. Biosci. Bioeng. 2019, 128, 80–87. [CrossRef]

83. Dick, R.E.; Quinn, J.P. Control of glyphosate uptake and metabolism in Pseudomonas sp. 4ASW. FEMS Microbiol. Lett. 1995, 134,
177–182. [CrossRef]

84. Kryuchkova, Y.V.; Burygin, G.L.; Gogoleva, N.E.; Gogolev, Y.V.; Chernyshova, M.P.; Makarov, O.E.; Fedorov, E.E.; Turkovskaya,
O.V. Isolation and Characterization of a Glyphosate-Degrading Rhizosphere Strain, Enterobacter cloacae K7. Microbiol. Res. 2014,
169, 99–105. [CrossRef]

85. Benslama, O.; Boulahrouf, A. High-Quality Draft Genome Sequence of Enterobacter Sp. Bisph2, a Glyphosate-Degrading Bacterium
Isolated from a Sandy Soil of Biskra, Algeria. Genom. Data 2016, 8, 61–66. [CrossRef]

86. Peñaloza-Vazquez, A.; Mena, G.L.; Herrera-Estrella, L.; Bailey, A.M. Cloning and sequencing of the genes. involved in glyphosate
utilization by Pseudomonas pseudomallei. Appl. Environ. Microbiol. 1995, 61, 538–543. [CrossRef]

87. Selvapandiyan, A.; Bhatnagar, R.K. Isolation of a Glyphosate-Metabolising Pseudomonas: Detection, Partial Purification and
Localisation of Carbon-Phosphorus Lyase. Appl. Microbiol. Biotechnol. 1994, 40, 876–882. [CrossRef]

88. Kishore, G.M.; Jacob, G.S. Degradation of Glyphosate by Pseudomonas Sp. PG2982 via a Sarcosine Intermediate. J. Biol. Chem.
1987, 262, 12164–12168. [CrossRef]

89. Talbot, H.W.; Johnson, L.M.; Munnecke, D.M. Glyphosate Utilization by Pseudomonas Sp. and Alcaligenes Sp. Isolated from
Environmental Sources. Curr. Microbiol. 1984, 10, 255–259. [CrossRef]

90. Bethesda (MD): National Library of Medicine (US)-National Center for Biotechnology Information National Center for Biotech-
nology Information (NCBI). Available online: https://www.ncbi.nlm.nih.gov/ (accessed on 14 November 2023).

91. Nicolet, Y. Structure–Function Relationships of Radical SAM Enzymes. Nat. Catal. 2020, 3, 337–350. [CrossRef]
92. Kryshtafovych, A.; Schwede, T.; Topf, M.; Fidelis, K.; Moult, J. Critical Assessment of Methods of Protein Structure Prediction

(CASP)—Round XIV. Proteins Struct. Funct. Bioinform. 2021, 89, 1607–1617. [CrossRef] [PubMed]
93. Husain, Q.; Fahad Ullah, M. Oxidoreductases: Overview and Practical Applications. In Biocatalysis: Enzymatic Basics and

Applications; Springer International Publishing: Cham, Switzerland, 2019; pp. 39–55. ISBN 9783030250232.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1128/aem.54.12.2953-2958.1988
https://doi.org/10.1016/j.jbiosc.2019.01.012
https://doi.org/10.1111/j.1574-6968.1995.tb07934.x
https://doi.org/10.1016/j.micres.2013.03.002
https://doi.org/10.1016/j.gdata.2016.03.005
https://doi.org/10.1128/aem.61.2.538-543.1995
https://doi.org/10.1007/BF00173992
https://doi.org/10.1016/S0021-9258(18)45331-8
https://doi.org/10.1007/BF01577137
https://www.ncbi.nlm.nih.gov/
https://doi.org/10.1038/s41929-020-0448-7
https://doi.org/10.1002/prot.26237
https://www.ncbi.nlm.nih.gov/pubmed/34533838

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Distribution of Bacterial Species Previously Reported to Degrade Glyphosate 
	Protein Conservation across Prokaryotes 
	Conserved Residues in C-P Lyase 
	Structure of Gox 

	Conclusions 
	References

