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Metformin is commonly used to lower blood glucose levels
and is one of the most widely used pharmaceuticals worldwide.
Typical doses are high (0.5–2.0 g day−1) and the majority
travels through the digestive system unabsorbed and enters the
wastewater system. Metformin is not removed by standard
wastewater treatments and eventually enters freshwater sys-
tems, where it can form N-chloro-derivatives that are toxic to
fish and human cells. Thus, metformin is one of the most
prevalent anthropogenic pollutants worldwide and there has
been considerable interest in finding ways to remove it. We
recently isolated Pseudomonads capable of growing on met-
formin as the sole nitrogen source. We identified candidate
genes involved in metformin breakdown through genomic
analyses informed by feeding studies. One candidate, a pair of
genes that are located on �80kb extra-genomic plasmids, was
shown to encode a heteromeric Ni-dependent hydrolase that
converts metformin to guanylurea and dimethylamine. Met-
forminase activity of these gene products is now well estab-
lished as our results confirm three recently published
independent studies. Our isolated Pseudomonads also grow on
biguanide, suggesting the existence of an additional breakdown
enzyme. Another candidate gene located on the �80kb plas-
mids was shown to encode an aminohydrolase that converts
biguanide to guanylurea. Biguanide may arise through suc-
cessive N-demethylations of metformin or come from other
sources. Our results suggest that the recent evolution of met-
forminase and biguanide hydrolase enzymes allow Pseudomo-
nads to convert either metformin or biguanide to guanylurea,
which can be assimilated by existing pathways.

The biguanide-derivative metformin is a common thera-
peutic for treating type 2 diabetes and is one of the most widely
used drugs in the world with over 250 million daily pre-
scriptions; this is expected to increase to an estimated 783
million prescriptions by 2045 according to the IDF Diabetes
Atlas 10th Edition. Metformin is generally effective at lowering
blood glucose levels when administered orally by causing the
inhibition of gluconeogenesis in the liver (1–3). Despite de-
cades of investigations, the mode of action of metformin is still
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not fully understood (4). However, there is strong, mounting
evidence for the involvement of gut microbes to exert a blood
glucose lowering effect (4–8). It was recently shown that
metformin is a competitive inhibitor of the gut microbial
enzyme agmatinase and that impaired agmatine catabolism in
the gut could play a role in metformin’s therapeutic effects (9).
Metformin also reportedly has antiaging (10), antiobesity
(11–13), and antitumor properties (14), suggesting that met-
formin usage could expand beyond the treatment of type 2
diabetes (15).

Daily doses of metformin are high (0.5–2.5 g day−1) and the
vast majority pass through the body unchanged and are
removed in urine or feces where it enters the wastewater steam
(16–18). Wastewater treatment plants are ineffective at
removing metformin because it is not absorbed by activated
carbon and chlorination forms N-chloro-metformin de-
rivatives that are toxic to human cells and fish (19–21).
Because of the high dosage and its recalcitrance, more than
100 million kg of metformin enter the environment each year,
making metformin one of the most pervasive anthropogenic
pollutants today (22, 23).

There is strong ecological and medical interest in under-
standing metformin metabolism because the therapeutic ef-
fects of metformin are linked to gut microbiota (4–8) and
because of its pervasiveness in the environment (22, 23).
Metformin breakdown mediated by microorganisms has been
detected in activated sludge of wastewater treatment plants,
with guanylurea being the most widely detected breakdown
product (24–28). Guanylurea has also been detected in rats on
metformin regimens, possibly due to metformin breakdown by
gut microbiota (8, 29). Isolation from activated sludge of a
single species that can fully metabolize guanylurea led to the
identification of a hydrolase (GuuH) that converts guanylurea
to guanidine (Fig. 1) (30). Guanidine can be fully metabolized
to carbon dioxide and ammonia by the guanidine carboxylase
pathway (Fig. 1) (31, 32).

Recently, bacterial strains that grow on metformin as the
sole nitrogen or carbon source have been isolated by our group
(33), as well as independent research groups in North America
(34), Europe (35), and China (36). Genomic analyses of these
strains led to the identification of a heteromeric metforminase
that converts metformin to guanylurea and dimethylamine
(37–39). Discovery of this enzyme completes a metformin
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Figure 1. Metformin breakdown pathways in KHPS1 and KHPS2 Pseudomonas isolates. The genomes of the metformin-utilizing isolate Pseudomonas
sp. KHPS1 and Pseudomonas hydrolytica strain KHPS2 encode previously characterized enzymes involved in the complete breakdown of guanylurea (black
arrows). Genomic analyses identified candidate genes involved in metformin breakdown that are encoded on �80 kb extrachromosomal plasmids.
Metforminase genes (mfmAB, colored blue) are in an operon with genes encoding predicted Nickel incorporation proteins (hypAB) and a predicted MetR
family transcriptional regulator. Also encoded on these plasmids is a biguanide hydrolase gene (bguH, colored red). The amino acid percent identity be-
tween orthologues is indicated. Hypothetical reactions are shown with gray arrows.

Identification of a metforminase and biguanide hydrolase
assimilation pathway (Fig. 1). This heteromeric metforminase
is conserved in all reported metformin-utilizing bacterial iso-
lates, suggesting it is quickly becoming the primary means to
initiate metformin breakdown.

Here we report on the investigations into metformin break-
down in our Pseudomonas isolates. We confirm that a hetero-
meric metforminase converts metformin to guanylurea in our
strains. We also observed that our isolates could grow on
biguanide andwe identified a novel aminohydrolase that converts
biguanide to guanylurea, demonstrating the use of converging
metabolic routes to degrade metformin or other biguanide
derivatives.
Results

Genomic analysis of Pseudomonas isolates

The partial characterization of metformin breakdown path-
ways and ecological studies suggest that metformin breakdown
proceeds through a guanylurea intermediate (24–28, 30). The
chromosomal genomes of both Pseudomonas sp. KHPS1 and
Pseudomonas hydrolytica strain KHPS2 encode enzymes
capable of the complete assimilation of guanylurea into carbon
dioxide and ammonia (Fig. 1) (30–32, 34). In addition to the
chromosomal genome, both isolates contained�80 kb plasmids
(KHPS1, 79.8 kb; KHPS2, 83.8 kb), each with about 90 protein
encoding genes (33). As recently evolved traits that provide a
fitness advantage to microbial communities are commonly
plasmid-encoded (40), we searched plasmid sequences for genes
involved in the conversion of metformin to guanylurea. Two
candidatemetforminaseswere identified. The first is encoded by
a pair of tandem genes (denoted mfmAB) that encode ureohy-
drolase family proteins, which typically catalyze hydrolysis
2 J. Biol. Chem. (2024) 300(12) 107935
reactions resulting in the release of urea (41). A similar reaction
could conceivably convert metformin to guanylurea, except that
dimethylamine would be released instead of urea. mfmAB are
located in an operon with genes predicted to encode nickel
chaperone proteins, hypAB (42), and a MetR family transcrip-
tional regulator (43) (Fig. 1). Close homologs of mfmAB are
found on either plasmids or chromosomal genomes of recently
identified Pseudomonas andAminobacter isolates that can grow
onmetformin as a nitrogen and/or carbon source (34–36). Thus,
genomic context and reaction mechanisms of ureohydrolase
family proteins both support mfmAB as a good metforminase
candidate.

The other candidate is a predicted nucleoside amino-
hydrolase (denoted bguH) also encoded on the plasmids of
both isolates. An aminohydrolase could also conceivably be
involved in metformin breakdown, although not via the direct
conversion of metformin to guanylurea. Close homologs are
not found in other recently identified species that can
metabolize metformin, except for another strain isolated from
a similar location in Minnesota around the same time our
isolates were identified (34). Nonetheless, we considered bguH
a viable metformin breakdown candidate.

Growth of Pseudomonas isolates on biguanide derivatives

Pseudomonas sp. KHPS1 and P. hydrolytica strain KHPS2
were isolated from primary sludge from the St Paul water
treatment plant by screening for the ability to grow on met-
formin as the sole nitrogen source (33). Genomic analysis
indicated that both isolates possess the genes for complete
guanylurea assimilation, which we confirmed with feeding
studies (Fig. 2). In addition to metformin, both isolates were
able to grow on the major predicted metformin breakdown
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Figure 2. Pseudomonas isolates use metformin and its breakdown
products as nitrogen sources. Pseudomonas sp. KHPS1 and Pseudomonas
hydrolytica strain KHPS2 were grown overnight in LB medium, washed
thrice with citrate-acetate minimal medium lacking nitrogen, and diluted to
an optical density of 1.0, 0.2, and 0.04. 5 ml of each dilution was spotted on
minimal medium plates containing 1 mM of metformin, guanylurea, gua-
nidine, or biguanide as the only nitrogen source, or minimal medium
lacking nitrogen (−). Plates were incubated for 24 h at 37 �C prior to
imaging.

Identification of a metforminase and biguanide hydrolase
product guanylurea, as well as its predicted breakdown prod-
uct guanidine (Fig. 2). Both isolates grew well on biguanide
(Fig. 2), which is a possible metformin breakdown product that
could arise from successive N-demethylations of metformin,
with N-methylbiguanide as the intermediate (Fig. 1). Both
isolates could use N-methylbiguanide as a nitrogen source,
although not as effectively as metformin (Fig. S1). Growth was
saturated after 24 h growth on minimal medium plates sup-
plemented with metformin, biguanide, or their breakdown
products (Fig. 2). However, growth was not yet saturated after
48 h of growth on N-methylbiguanide (Fig. S1). These growth
assays suggest that both of our isolates are capable of breaking
down metformin via a predicted pathway involving the
transformation of metformin to guanylurea. The use of
biguanide, and to a lesser extent N-methylbiguanide, suggests
that an additional pathway may also be present.
Screening metforminase candidate genes

As an initial screen of our two metforminase candidates, we
expressed each in Escherichia coli and assayed cell lysates for
metforminase activity. Since the candidate mfmAB occurred in
a conserved operon with predicted nickel insertion proteins,
we cloned the entire hypBAmfmAB operon into pUC19. The
other candidate bguH was also cloned into pUC19. E. coli
MG1655 harboring each construct or empty vector were
grown in LB medium. Whole cell lysates were prepared and
used in an HPLC-based enzyme assay in which metformin and
the expected reaction product guanylurea are resolved chro-
matographically and quantified by UV absorbance. Reaction
mixtures contained 50 mM Tris-HCl, pH 8.0, 4 mM metfor-
min, 0.5 mM NiCl2 and other divalent cations (see methods),
95 mg total lysate protein, and were incubated at 37 �C for 1.5 h
prior to analysis. Metforminase activity was observed in lysates
of E. coli harboring hypBAmfmAB-pUC19 (Fig. 3A). We
detected no metforminase activity in lysates from E. coli
harboring empty vector or bguH-pUC19 (Fig. 3A). We sub-
sequently determined that Tris buffer slightly inhibits the
metforminase reaction and switched to primarily using sodium
phosphate, pH 8.0 (Fig. S2).
mfmAB encodes a heteromeric metforminase

Since metforminase activity was detected in E. coli lysates
expressing the hypBAmfmAB operon, we attempted to purify
recombinant MfmA and MfmB proteins to use in enzyme
assays. mfmA and mfmB were cloned into the pET28b plasmid
to facilitate the expression of enzymes with N-terminal hex-
ahistidine tags. Proteins were expressed in E. coli and enriched
with nickel-affinity chromatography. We were able to produce
highly enriched fractions of both enzymes, however, MfmA did
not express as well and its yield and purity were less than those
of MfmB (Fig. 3B). HPLC-based enzyme assays were used to
assess enzyme activity. Reactions contained sodium phosphate,
pH 8.0, 4 mM metformin, 2 mM NiCl2, and 5 mg of enzyme
and were incubated at 37 �C for 2 h prior to analysis. Sur-
prisingly, no metforminase activity was detected when MfmA
and MfmB were combined in enzyme assays, or when each was
assayed alone (Fig. 3C).

Since some heteromeric enzymes must be coexpressed to
produce an active enzyme (44), we clonedmfmAB together into
pET28b to facilitate the expression of MfmA with an N-ter-
minal hexaistidine tag and native MfmB. Even though only the
MfmA contained a polyhistidine tag, both proteins were highly
enriched following nickel-affinity chromatography (Fig. 3B),
indicating that MfmAB assumes a heteromeric quaternary
structure that is very stable. The addition of 0.5 mM NiCl2 to
cultures at induction resulted in enrichments that were slightly
purer (Fig. 3B). Interestingly, the MfmB band was consistently
more intense than that of MfmA, suggesting that MfmAB forms
a heteromeric quaternary structure of uneven stoichiometry.
Metforminase activity was detected when coexpressed MfmAB
was assayed by HPLC as described above (Fig. 3C). The activity
of MfmAB was slightly higher when nickel was added to cul-
tures when inducing protein expression (Fig. 3C).

Enzyme assays were also analyzed by LC-MS to confirm
guanylurea as a reaction product. The addition of MfmAB to
an ammonium bicarbonate buffered solution containing met-
formin and nickel resulted in the appearance of a guanylurea
[M + H] parent ion at m/z 103.1 that had the same retention
time as an authentic guanylurea standard (Fig. 3D). Production
of guanylurea by MfmAB was shown to be metal-dependent,
as omitting nickel or adding 5 mM EDTA instead of metal
resulted in the very little conversion of metformin to guany-
lurea (Fig. 3E).

We set up assays with various divalent cations to test
whether metals other than nickel can stimulate metforminase
activity. Reactions contained sodium phosphate, pH 8.0, 4 mM
metformin, 2 mM metal, and 5 mg of MfmAB expressed
without added nickel, and were incubated at 37 �C for 2 h prior
to analysis. Maximum activity was observed with nickel,
J. Biol. Chem. (2024) 300(12) 107935 3
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Figure 3. Metforminase activity of mfmAB coexpression product. A, metforminase activity in soluble protein lysates of E. coli harboring pUC19 with the
indicated gene(s). Assays (100 ml total volume) contained 50 mM Tris-HCl, pH 8.0, 4 mM metformin, 0.5 mM NiCl2 and other divalent cations (see methods),
95 mg total lysate protein, and were incubated at 37 �C for 1.5 h prior to HPLC analysis. Data represents the average of 2 biological replicates. B, purity of
enriched MetA and MetB expressed separately or co-expressed in E. coli without or with addition of 0.5 mM NiCl2 to cultures at induction (+Ni). C, Met-
forminase activity of purified MetA, MetB, and MetAB proteins expressed without or with the addition of nickel at induction (+Ni). Assays (100 ml total
volume) contained 125 mM sodium phosphate, pH 8.0, 4 mM metformin, 2 mM NiCl2, 5 mg protein, and were incubated at 37 �C for 2 h prior to HPLC
analysis. Data represents the mean and S.E.M. of 3 independent replicates. The inset shows representative HPLC traces at 220 nm of assays without (-, red
trace) and with the addition of MfmAB (+, blue trace). D, LC-MS analysis of MfmAB reaction products shows the appearance of guanylurea. Assays (100 ml
total volume) contained 100 mM ammonium bicarbonate, pH 8.0, 2.5 mM metformin, 0.5 mM NiCl2, without or with 5.0 mg MfmAB, and were incubated at
37 �C for 2 h prior to LC-MS analysis. E, results of LC-MS analysis of assays without or with nickel or with EDTA shows metal dependence of MfmAB. Assays
were as described in (D) except for the presence or absence of NiCl2 and 5 mM EDTA. Data represents the mean and S.E.M. of three independent replicates.
F, activity of MfmAB incubated with various metals. Assays were as described in (C) except that NiCl2 was replaced by the indicated metal. Data represents
the mean and S.E.M. of three independent replicates.

Identification of a metforminase and biguanide hydrolase
followed by cobalt and manganese (Fig. 3F). A small but
detectable activity was observed with the addition of iron or
magnesium while copper and molybdenum had no detectable
activity (Fig. 3F). Since our feeding studies suggested that our
strains have the ability to catabolize biguanide (Fig. 2), it was
tested as a substrate for MfmAB using a spectrophotometric
assay described below. We did not detect activity against
biguanide in assays containing MfmAB.
bguH encodes a novel biguanide aminohydrolase

Our Pseudomonas isolates readily grew on biguanide as a ni-
trogen source, suggesting enzyme-mediated breakdown. Since
4 J. Biol. Chem. (2024) 300(12) 107935
MfmAB had no detectable activity against biguanide in our as-
says, we decided to test BguH for activity. The coding sequence
was cloned into the pET28b plasmid to facilitate expression ofN-
terminally hexahistidine tagged enzyme. Proteinwas expressed in
E. coli and enriched with nickel-affinity chromatography, which
resulted in nearly homologous BguH preparations (Fig. 4A). We
optimized a reporter assay to detect biguanide hydrolase activity.
The reporter assay uses commercially available glutamate dehy-
drogenase (GDH) and is based on the stoichiometric reduction of
NAD+ to NADH, which can be measured by its distinctive
absorbanceat 340nm(Fig. 4B).The additionof 0.2mMbiguanide
to a reaction mixture containing 5 mg BguH caused the absor-
bance at 340 nm to rapidly decrease compared to the control
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Figure 4. Biguanidase activity of BguH enzyme. A, purity of enriched recombinant BguH enzyme expressed in E. coli. B, depiction of the spectropho-
tometric coupled assay used to measure BguH enzyme activity. BG, biguanide; GDH, glutamate dehydrogenase; MET, metformin; NMB, N-methylbiguanide.
C, results of spectrophotometric assays (100 ml total volume, 25 �C) that contained 100 mM potassium phosphate, pH 8.0, 0.5 mM NADH, 1.5 U GDH, 0.5 mM
two-oxoglutarate, either 5 mg (BG) or 50 mg (NMB, MET) BguH, and were started by adding 0.2 mM substrate or water (−). The arrow indicates substrate
addition. Data represents mean and S.E.M. of 3 independent experiments. D, initial velocities and relative activities of BguH at 0.2 mM substrate. Assays were
as described above. Data represents the mean and S.E.M. of three independent experiments. E, Michaelis–Menten kinetics of BguH against biguanide.
Assays were as described above except 1.2 mg BguH was used and substrate concentrations were as indicated. Data represents the mean and S.E.M. of three
independent experiments. F, LC-MS analysis of the BguH reaction. Assays (100 ml total volume, 25 �C) contained 100 mM ammonium bicarbonate, pH 8.0,
2 mM biguanide, without (blue traces) or with 1 mg BguH (red traces), and were incubated for 1 h prior to LC-MS analysis. Extracted ion chromatograms (EIC)
shown represent the biguanide [M + H] = 102.1 and guanylurea [M + H] = 103.1 molecular ions.

Identification of a metforminase and biguanide hydrolase
(Fig. 4C), indicating that BguH has aminohydrolase activity
against biguanide. The addition of metformin or N-methyl-
biguanide to 0.2 mM caused the absorbance at 340 nm to slowly
decrease compared to the control, but BguH was increased to
50 mg in these assays (Fig. 4C). Wemeasured a specific activity at
0.2 mM biguanide of 5.9 ± 0.6 mg min-1 mg-1 (Fig. 4D). The ac-
tivity against 0.2 mM of eitherN-methylbiguanide or metformin
was 0.056 ± 0.007mgmin-1mg-1 and 0.003 ± 0.001mgmin-1mg-1,
which corresponds to �1% or �0.05% of the activity against
biguanide, respectively (Fig. 4D). Since BguH strongly prefers
biguanide over structurally related substrates, we further opti-
mized the reporter assay and determined that BguH has a KM of
620 ±160mManda kcat of 8.1 ±0.8 s−1 against biguanide (Fig. 4E).

The reporter assay described above showed that BguH releases
ammonia from biguanide, but didn’t confirm that the other re-
action product is guanylurea, as expected. To confirm the pro-
duction of guanylurea, enzyme assays were analyzed by LC-MS
with authentic standards of biguanide and guanylurea. We were
unable to effectively separate biguanide and guanylurea chro-
matographically with our LC-MS as configured. Since our
analysis was performed on a single quadrupole mass spectrom-
eter with a nominal mass resolution, and the difference in gua-
nylurea and biguanide [M +H] parent ions is 1.0, there was some
overlap between the substrate and product peaks due to natural
isotope abundance. Still, we were able to detect a significant loss
of the biguanide [M+H] peak atm/z 102.1 and the appearance of
the expected guanylurea [M + H] peak at m/z 103.1 that was
dependent on BguH addition (Fig. 4F). Together, the reporter
assay andLC-MSanalysis indicate thatBguHhas aminohydrolase
activity against biguanide and the reaction products are guany-
lurea and ammonia.
Overexpression of bguH allows E. coli to use biguanide as a
nitrogen source

To confirm that bguH encodes a biguanide aminohydrolase,
we tested the effect of overexpression on the ability of E. coli to
use biguanide as the sole nitrogen source. E. coli MG1655
harboring bguH-pUC19 or empty vector was plated on M9
minimal medium lacking nitrogen. Neither strain grew on the
J. Biol. Chem. (2024) 300(12) 107935 5



Identification of a metforminase and biguanide hydrolase
medium without added nitrogen, confirming that our base
medium lacked sufficient nitrogen to sustain growth (Fig. 5).
When ammonium chloride was added to reconstitute standard
M9 medium, both strains grew similarly (Fig. 5). E. coli
harboring an empty vector showed very little growth on me-
dium supplemented with biguanide, while E. coli over-
expressing bguH grew readily (Fig. 5). These results show that
overexpressing bguH allows E. coli to grow on biguanide and
confirms a role for bguH in biguanide breakdown.
Discussion

This study provides significant insights into the metabolic
capacities of environmental Pseudomonads to degrade
metformin. We validated that mfmAB encodes a heteromeric
metforminase, which completes a pathway for complete
metformin assimilation. Three recently published studies
also showed that mfmAB homologs from other environ-
mental isolates encode metforminases and they all show very
similar biochemical characteristics as ours (37–39). Coex-
pression of mfmAB was necessary for the production of
active enzyme; mixing MfmA and MfmB expressed indi-
vidually did not reconstitute enzyme activity (Fig. 3C). The
dependence on coexpression is now observed by four inde-
pendent research groups and suggests that the presence of
both peptides is necessary for proper protein folding or as-
sembly into the proper quaternary structure. The MfmAB
complex must be tightly bound because native MfmB was
enriched by nickel-affinity chromatography even though only
MfmA was polyhistidine-tagged (Fig. 3B). Other heteromeric
enzymes require coexpression to form an active complex and
can be co-purified by tagging one subunit, such as the
prokaryotic five-oxoprolinase PxpBC (44) and bacterial
luciferase LuxAB (45, 46). SDS-PAGE analysis of enriched
MfmAB showed that MfmB was more abundant than MfmA
(Fig. 3B), suggesting that the active metforminase may be a
heteromeric complex of uneven stoichiometry. This is
consistent with recently published crystal structures of
MfmAB, which show that two MfmB subunits and one
MamA subunit form an uneven heterotrimer (37–39). One
study concluded that the heterotrimer, MfmAB2 is a func-
tional metforminase (37). Two other studies determined that
active metforminase is a heterohexamer consisting of a
dimer of trimers, 2(MfmAB2) (38, 39). An uneven
biguanide

NH4

(-)

EV bguH

Figure 5. Expression of bguH enables E. coli to grow on biguanide. E. coli
MG1655 harboring pUC19-bguH or empty vector (EV) were grown overnight
in M9 minimal medium, washed thrice with minimal medium lacking ni-
trogen, and diluted to an optical density of 1.0, 0.2, 0.04, and 0.08. 5 ml of
each dilution was spotted on minimal medium plates containing no ni-
trogen (−) or with 20 mM ammonium chloride or biguanide and grown at
37 �C for 16h prior to imaging.
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heterotrimer appears to be the basic functional unit with
larger quaternary aggregates also forming.

Recombinant MfmAB had robust metforminase activity and
the enzyme is highly specific for metformin. We did not detect
activity against biguanide, and other recent studies have shown
that MfmAB strongly prefers metformin over structurally
related analogs (37–39). We show that MfmAB converts
metformin to guanylurea (Fig. 3, C–F). The other expected
reaction product is dimethylamine, and although we didn’t
explicitly measure dimethylamine, other recent studies
confirm it as a reaction product (37–39). We expected metal
dependence based on the fact that MfmA and MfmB are both
ureohydrolase protein family members that typically catalyze
metal-dependent hydrolysis reactions (47, 48). mfmAB is
consistently found in an operon with genes encoding predicted
nickel incorporation proteins, hypAB, suggesting nickel
dependence of MfmAB. We confirmed the metal dependence
of MfmAB (Fig. 3E) and observed maximum enzyme activity
with nickel (Fig. 3F). Cobalt and manganese were the only
other divalent cations that stimulated activity to at least 5%
that of nickel (Fig. 3F). Ureohydrolase protein family members
such as agmatinase and arginase typically catalyze hydrolysis
reactions of guanidinium moieties resulting in urea production
(41, 49, 50). The release of dimethylamine instead of urea is
unique for MfmAB, which appears to have recently evolved
from close homologs with dimethylguanidine hydrolase ac-
tivity (39).

The recent evolution of mfmAB is a remarkable ecological
occurrence. A few years ago, metformin degradation could
only be achieved through community effort (51). Bacteria
were isolated that could degrade guanylurea but not met-
formin until recently when bacteria capable of complete
metformin assimilation were isolated from four independent
groups across three continents (33, 37–39). All of these
isolates encode mfmAB in a conserved metforminase operon
(Fig. 1). Metforminase likely evolved in Aminobacter, where
it is encoded in the bacterial chromosome, and incorpora-
tion of the genes into bacterial plasmids allowed its rapid
spread to other Aminobacter and Pseudomonas species
already possessing the capacity to degrade guanylurea. The
conservation of a metforminase operon in all reported
metformin-utilizing bacterial isolates suggests that mfmAB is
now the primary route of environmental metformin break-
down worldwide.

We also identified a novel biguanide hydrolase gene bguH
on the same �80-kb plasmids as mfmAB, although not in
the same metforminase operon (Fig. 1). We show that re-
combinant BguH has robust activity against biguanide
(Fig. 4E) and that ammonia (Fig. 4, C–E) and guanylurea
(Fig. 4F) are the reaction products. We detected minor
aminohydrolase activity against N-methylbiguanide and
metformin, but these were less than 1% of the activity
against biguanide (Fig. 4D). Expression of bguH in E. coli
allowed biguanide to be used as a nitrogen source (Fig. 5),
further confirming the biguanide hydrolase activity of BguH.
Growth is likely due solely to ammonia release, as E. coli are
not expected to metabolize guanylurea. Nucleoside
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deaminases are the closest homologs of BguH (52), but its
evolutionary history is unclear as there are no sequences in
the NCBI database that have greater than 60% amino acid
identity. The bguH gene occurs in our isolates and in
another Pseudomonad isolated from Minnesota, but not in
recently identified metformin-degrading bacteria isolated
from Germany or China, suggesting it evolved recently and
not in connection to mfmAB.

Biguanide is not an intermediate of the primary MfmAb-
dependent pathway of metformin breakdown (Fig. 1). How-
ever, it could arise from successive N-demethylations of met-
formin. Prior to the recent evolution and spread of mfmAB,
metformin demethylation to biguanide may have been a sig-
nificant means of breakdown in microbial communities, and
microbes that use N-methylbiguanide as a nitrogen source in
addition to our isolates have been reported (34). N-methyl-
biguanide use could be viewed as evidence for an alternate
metformin breakdown pathway. However, we show that BguH
can deaminate N-methylbiguanide, albeit at �1% the rate of
biguanide deamination (Fig. 4, C and D), and this could ac-
count for the slow growth observed on N-methylbiguanide
(Fig. S1). Caffeine is similarly broken down by a pathway
involving successive N-demethylations (53, 54). There are
other parallels between caffeine and metformin breakdown.
These compounds are the top two anthropogenic pollutants in
waterways worldwide (23) and different environmental Pseu-
domonads have evolved that are capable of their breakdown
(37, 38, 53). In the case of caffeine degraders, ndmABC genes
encode caffeine N-demethylases (53, 54). The KHPS2 isolate
has homologs of ndmABC genes in its chromosomal genome,
but no homologs occur in KHPS1, so we did not consider
them a good candidate metformin N-demethylases. Still,
metformin N-demethylation, along with this newly discovered
biguanide hydrolase activity, would complete an alternate
metformin breakdown pathway. Biguanide could also come
from the partial breakdown of other biguanide derivatives such
as the metformin predecessors phenformin and buformin (55,
56), antimalarial drugs such as Proguanil (57), and disinfec-
tants such as Chlorhexidine and Polyaminopropyl biguanide
(58, 59). Having a complete mfmAB-initiated metformin
breakdown pathway and bguH may allow microorganisms to
utilize a variety of biguanide-related compounds.

We initially searched for metformin-degrading microor-
ganisms in primary sludge from the Saint Paul Water
Treatment Plant because we predicted that metforminase
may have evolved in the human gut or in sewage systems
where metformin levels are consistently high. The isolation
of other metformin degraders from wastewater treatment
plants around the world seems to support this notion
(33–36). Regardless, the existence of a metforminase on
mobile elements found around the world suggests that
metforminase activity could begin to play a role in human
gut microbiota. Identification of a complete metformin/
biguanide breakdown pathway will allow researchers to test
whether these genes occur in gut microbiota and if their
presence changes the effectiveness of metformin as a blood
sugar-lowering agent.
Experimental procedures

Chemicals and reagents

Metformin-HCl was from AstaTech. Biguanide-HCl was
from AmBeed. L-Glutamic dehydrogenase from bovine liver
was from Sigma Aldrich. All other chemicals were from Sigma
Aldrich.

Bioinfomatic analyses

Genomic analyses of Pseudomonas sp. KHPS1 (GenBank
Accessions: CP100551.1, CP100552.1) and P. hydrolytica strain
KHPS2 (GenBank Accessions: CP100553.1, CP100554.1) were
performed with Galaxy software and its tools (60). Additional
sequences were obtained from the National Center for
Biotechnology Information databases (61).

Pseudomonas nitrogen source growth assays

Single colonies from fresh plates of Pseudomonas sp. KHPS1
and P. hydrolytica strain KHPS2 were grown overnight in LB
medium and washed three times with citrate-acetate minimal
medium lacking nitrogen (30). Cells were diluted to an optical
density of 1.0, 0.2, and 0.04 and 5 ml of each dilution was
spotted on minimal medium plates lacking nitrogen or con-
taining 1 mM of metformin, guanylurea, guanidine, or bigua-
nide as the only nitrogen source. Plates were incubated for
24 h at 37 �C prior to imaging.

Gene cloning

The hypBAmfmAB operon was cloned into pUC19 using
Gibson Assembly (New England Biolabs). pUC19 was PCR
amplified using oligonucleotide primers 1 and 2 (All oligo-
nucleotide primers are listed in Table S1) and hypBAmfmAB
was amplified with primers 3 and 4. Amplicons were used for
Gibson Assembly according to the manufacturer’s recom-
mendations. The BguH coding sequence was PCR amplified
with primers 5 and 6, treated with restriction enzymes HindIII
and XbaI, and ligated into the corresponding sites of pUC19.

For protein expression, the Pseudomonas sp. KHPS1 genes
mfmA (primers 7 and 8), mfmB (primers 9 and 10), and
mfmAB (primers 11 and 12) were PCR amplified, amplicons
were treated with restriction enzymes NheI and XhoI (mfmA),
NdeI and EcoRI (mfmB), or NheI and EcoRI (mfmAB), and
ligated into the corresponding sites of pET28b. The BguH
coding sequence was optimized for E. coli expression (Fig. S3)
and synthesized by Integrated DNA Technologies gBlocks
service. The fragment was PCR amplified with primers 13 and
14 and the amplicon was treated with NdeI and HindIII and
ligated into the matching sites of pET28b.

Protein expression and purification

Optimization of protein expression was performed as pre-
viously described (62, 63). For the production of recombinant
MfmA, MfmB, MfmAB, and BguH, the corresponding
expression vector was transformed into E. coli strain BL21-
(DE3)-RIPL. Positive transformants were grown at 37 �C in
200 ml LB medium containing 50 mg/ml kanamycin. Cultures
J. Biol. Chem. (2024) 300(12) 107935 7
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were cooled to 20 �C when the absorbance at 600 nm reached
0.8, and isopropyl b-d-thiogalactoside (ITPG) and ethanol
were added to final concentrations of 0.5 mM and 4% (v/v),
respectively. As indicated, some MfmAB-expressing cultures
also had 0.5 mM NiCl2 added along with IPTG and ethanol.
Incubation was then continued overnight at 22 �C. Cell lysates
were prepared by harvesting cells by centrifugation (5000g,
10 min, 4 �C) and suspending pellets in 6 ml of lysis buffer
(50 mM Tris-HCl, pH 8.0, 300 mM NaCl, 10 mM imidazole).
Cells were sonicated using a Braun-Sonic 2000 set to 50%
power for six, 15 s pulses, cooling on ice for 60 s between
pulses. The resulting lysate was centrifuged at 28,000g for
10 min. The supernatant was added to a column containing
0.30 ml of HisPur Ni-NTA resin (Thermo Fisher Scientific)
and washed with 9 ml of wash buffer (50 mM Tris-HCl, pH
8.0, 300 mM NaCl, 20 mM imidazole). Recombinant proteins
were eluted with 0.50 ml of elution buffer (50 mM Tris-HCl,
pH 8.0, 300 mM NaCl, 200 mM imidazole). Amicon Ultra-4
10k MWCO spin columns were used to concentrate proteins
and exchange buffer with 100 mM KCl, 50 mM Tris-HCl, pH
8.0. Glycerol was added to a final concentration of 10% (v/v),
and 10 ml aliquots were snap-frozen in liquid nitrogen and
stored at −80 �C. SDS-PAGE was used to assess the purity of
our enrichments.
Enzyme assays

Assays of whole cell lysates (Fig. 3A). E. coli strain BL21-
(DE3)-RIPL harboring pUC19-hypBAmfmAB, pUC19-bguH,
or empty vector, was grown at 37 �C in 200 ml LB medium
containing 50 mg mL−1 kanamycin. When the absorbance at
600 nm reached 0.8, cultures were cooled to 20 �C, and IPTG,
ethanol, and NiCl2 were added to final concentrations of
0.5 mM, 4% (v/v), and 500 mM, respectively. Incubation was
then continued overnight at 22 �C. Cell lysates were prepared
by harvesting cells by centrifugation (8000g, 10 min) and
suspending pellets in 7 ml of lysis buffer (50 mM Tris-HCl, pH
8.0, and 300 mM NaCl). Cells were sonicated using a Braun-
Sonic 2000 set to 50% power for eight, 15 s pulses, cooling
on ice for 60 s between pulses. The resulting lysates were
centrifuged at 20,000g for 10 min and concentrated using
Amicon Ultra-4 10k MWCO spin columns to a final volume of
200 ml. Samples were diluted to 1.9 mg mL−1 with lysis buffer.
Assays (100 ml) contained 50 mM Tris-HCl, pH 8.0, 4 mM
metformin, 0.5 mM NiSO4, 50 mM FeCl3, 5 mM MnCl2,
12.4 mM ZnCl2, 2.52 mM CuCl2, 2.5 mM CoCl2, 2.5 mM
Na2MoO4, 2 mM MgCl2, 50 mM CaCl2, and were started by
adding 50 ml (95 mg total protein) freshly-prepared lysate.
Reactions were incubated at 37 �C for 1.5 h 10 ml of reaction
was analyzed with an Agilent 1100 series HPLC with a G1315B
DAD detector using a Hypersil GOLD 250 × 4.6 mm C18
column (ThermoFisher Scientific) with 25% 10 mM potassium
phosphate, pH 6.5; 75% acetonitrile as the mobile phase at a
flow rate of 1 ml min−1. Compounds were detected at 220 nm
(guanylurea) and 234 nm (metformin). The amount of com-
pound in each peak was determined by integrating peak areas
using OpenLab ChemStation software version 2.19.20, and
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comparing values to those obtained from standard curves
prepared for guanylurea and metformin.

HPLC-based metforminase assays (Fig. 3, C and F). Assays
(100 ml) contained 125 mM sodium phosphate, pH 8.0, 4 mM
metformin, 2 mM NiCl2, and were started by adding 5 ug of
enzyme. Reactions were incubated at 37 �C for 2 h and
analyzed by HPLC as described above.

LC-MS-based metforminase assays (Fig. 3, D and E). Assays
(100 ml) contained 100 mM NH4HCO3, pH 8.0, 4 mM met-
formin, without or with 2 mM NiCl2, 5 mM EDTA, and 5 mg
MfmAB. Reactions were incubated at 37 �C for 2 h and
stopped by adding 2 ml 1M HCl and the mixture was diluted
1:20 in water. LC-MS analysis was performed on an Agilent
1260 Infinity II and single quadruple MSD with a 2.1 × 50 mm
reverse-phase SB-C18 column (1.8 mm), with 0.1% formic acid
as the mobile phase at a flow rate of 0.4 ml min−1. Samples
were ionized via electrospray, and MS was run on positive
mode with a capillary voltage of 3000 V. [M + H] abundances
for each compound (metformin: 130.1 m/z, guanylurea:
103.1 m/z) were integrated over the course of the reaction and
compared against standard curves to determine
concentrations.

Spectrophotometric biguanidase assays (Fig. 4, C and D).
Assays (100 ml) contained 100 mM potassium phosphate, pH
8.0, 0.5 mM NADH, 0.5 mM 2-oxoglutarate, 1.5 U glutamate
dehydrogenase, and either 5 mg (biguanide) or 50 mg (N-
methylbiguanide and metformin) BguH. The mixture was
transferred to 100 ml quartz cuvettes and reactions were
started by adding water or 0.2 mM biguanide, N-methyl-
biguanide, or metformin and mixing rapidly while recording
the absorbance at 340 nm. For determining the kinetic pa-
rameters of BguH, assays were performed in a similar manner
except that assays contained 1.2 mg BguH and were started by
adding various biguanide concentrations. Kinetic parameters
were calculated by fitting data to the Michaelis–Menten
equation using GraphPad Prism software version 5.01.

LC-MS-based biguanidase assays (Fig. 4F). Assays (100 ml)
contained 100 mM NH4HCO3, pH 8.0, 2 mM biguanide,
without or with 1 mg BguH. Reactions were incubated at 37 �C
for 1 h and stopped by adding 5 ml 1M HCl. The mixture was
filtered with a 3000 MWCO microcentrifuge filter unit to
remove protein and the filtrate was diluted 1:20 in water. LC-
MS analysis was performed on an Agilent 1260 Infinity II and
single quadruple MSD with a 2.1 × 50 mm reverse-phase SB-
C18 column (1.8 mm), with 0.1% formic acid as the mobile
phase at a flow rate of 0.4 ml min−1. Samples were ionized via
electrospray, and MS was run on positive mode with a capillary
voltage of 3000 V. [M + H] abundances for each compound
(biguanide: 102.1 m/z, guanylurea: 103.1 m/z) were integrated
throughout the reaction and compared against standard curves
to determine concentrations.
Growth assays with E. coli

E. coli MG1655 harboring pUC19-bguH or empty vector
were grown overnight at 37 �C in M9 minimal medium with
0.4% (w/v) glucose. Cells were washed twice with M9 media
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that did not contain any nitrogen and then diluted to OD600 of
1.0. This was then serially diluted to OD600 of 0.2, 0.04, and
0.008. 5 ml of each dilution was spotted onto M9 minimal
medium plates with 0.4% (w/v) glucose, 0.5 mM IPTG, and
either no nitrogen or 20 mM of either biguanide or ammo-
nium chloride. Plates were then incubated for 16 h at 37 �C
prior to imaging.

Data availability

All data is either contained within the manuscript or will
be shared upon request by contacting Thomas Niehaus
(tniehaus@umn.edu).

Supporting information—This article contains supporting
information.

Acknowledgments—We thank Lawrence P. Wackett and Lambros J.
Tassoulas for their helpful advice and sharing of resources.

Author contributions—T. D. N. writing–review & editing; T. D. N.
writing–original draft; T. D. N. project administration; T. D. N. and
K. B. W. methodology; T. D. N., K. B. W., A. J. Z., and H. K. formal
analysis; T. D. N. conceptualization; A. J. Z., K. B. W., and H. K.
investigation.

Funding and additional information—This work was supported by
a University of Minnesota MnDRIVE Environment Seed Grant
(MESG-0000000157) to Thomas Niehaus.

Conflict of interest—The authors declare that they have no conflicts
of interest with the contents of this article.

Abbreviations—The abbreviations used are: GDH, glutamate de-
hydrogenase; KHPS1, Pseudomonas sp.; KHPS2, P. hydrolytica
strain; mfmAB, metforminases; NAD+, oxidized nicotinamide
adenine dinucleotide; NADH, reduced nicotinamide adenine
dinucleotide.

References

1. Foretz, M., Hébrard, S., Leclerc, J., Zarrinpashneh, E., Soty, M., Mithieux,
G., et al. (2010) Metformin inhibits hepatic gluconeogenesis in mice
independently of the LKB1/AMPK pathway via a decrease in hepatic
energy state. J. Clin. Invest. 120, 2355–2369

2. Madiraju, A. K., Erion, D. M., Rahimi, Y., Zhang, X.-M., Braddock, D. T.,
Albright, R. A., et al. (2014) Metformin suppresses gluconeogenesis by
inhibiting mitochondrial glycerophosphate dehydrogenase. Nature 510,
542–546

3. Inzucchi, S. E., Maggs, D. G., Spollett, G. R., Page, S. L., Rife, F. S.,
Walton, V., et al. (1998) Efficacy and metabolic effects of metformin and
troglitazone in type II diabetes mellitus. N. Engl. J. Med. 338, 867–873

4. Foretz, M., Guigas, B., and Viollet, B. (2023) Metformin: update on
mechanisms of action and repurposing potential. Nat. Rev. Endocrinol. 19,
460–476

5. Forslund, K., Hildebrand, F., Nielsen, T., Falony, G., Le Chatelier, E.,
Sunagawa, S., et al. (2015) Disentangling type 2 diabetes and metformin
treatment signatures in the human gut microbiota. Nature 528, 262–266

6. Tobar, N., Rocha, G. Z., Santos, A., Guadagnini, D., Assalin, H. B.,
Camargo, J. A., et al. (2023) Metformin acts in the gut and induces gut-
liver crosstalk. Proc. Natl. Acad. Sci. 120, e2211933120

7. He, L., and Wondisford, F. E. (2015) Metformin action: concentrations
matter. Cell Metab. 21, 159–162
8. Sum, C.-F., Webster, J. M., Johnson, A. B., Catalano, C., Cooper, B. G.,
and Taylor, R. (1992) The effect of intravenous metformin on glucose
metabolism during hyperglycaemia in type 2 diabetes. Diabet. Med. 9,
61–65

9. Tassoulas, L. J., and Wackett, L. P. (2024) Insights into the action of the
pharmaceutical metformin: targeted inhibition of the gut microbial
enzyme agmatinase. iScience 27, 108900

10. Novelle, M. G., Ali, A., Diéguez, C., Bernier, M., and de Cabo, R. (2016)
Metformin: a hopeful promise in aging research. Cold Spring Harb.
Perspect. Med. 6, a025932

11. Scott, B., Day, E. A., O’Brien, K. L., Scanlan, J., Cromwell, G., Scannail,
A. N., et al. (2024) Metformin and feeding increase levels of the
appetite-suppressing metabolite Lac-Phe in humans. Nat. Metab. 6,
651–658

12. Xiao, S., Li, V. L., Lyu, X., Chen, X., Wei, W., Abbasi, F., et al. (2023) Lac-
Phe mediates the anti-obesity effect of metformin. BioRxiv, 10.1101/2023.
11.02.565321

13. Yerevanian, A., and Soukas, A. A. (2019) Metformin: mechanisms in
human obesity and weight loss. Curr. Obes. Rep. 8, 156–164

14. Eikawa, S., Nishida, M., Mizukami, S., Yamazaki, C., Nakayama, E., and
Udono, H. (2015) Immune-mediated antitumor effect by type 2 diabetes
drug, metformin. Proc. Natl. Acad. Sci. 112, 1809–1814

15. Amin, S., Lux, A., and O’Callaghan, F. (2019) The journey of metformin
from glycaemic control to mTOR inhibition and the suppression of
tumour growth. Br. J. Clin. Pharmacol. 85, 37–46

16. Tucker, G., Casey, C., Phillips, P., Connor, H., Ward, J., and Woods, H.
(1981) Metformin kinetics in healthy subjects and in patients with dia-
betes mellitus. Br. J. Clin. Pharmacol. 12, 235–246

17. Sirtori, C. R., Franceschini, G., Galli-Kienle, M., Cighetti, G., Galli, G.,
Bondioli, A., et al. (1978) Disposition of metformin (N,N-dimethylbi-
guanide) in man. Clin. Pharmacol. Ther. 24, 683–693

18. Tucker, G. T., and Wesolowski, C. A. (2020) Metformin disposition—a
40-year-old mystery. Br. J. Clin. Pharmacol. 86, 1452–1453

19. Zhang, R., He, Y., Yao, L., Chen, J., Zhu, S., Rao, X., et al. (2021) Met-
formin chlorination byproducts in drinking water exhibit marked toxic-
ities of a potential health concern. Environ. Int. 146, 106244

20. He, Y., Zhang, Y., and Ju, F. (2022) Metformin contamination in global
waters: biotic and abiotic transformation, byproduct generation and
toxicity, and evaluation as a pharmaceutical indicator. Environ. Sci.
Technol. 56, 13528–13545

21. Armbruster, D., Happel, O., Scheurer, M., Harms, K., Schmidt, T. C., and
Brauch, H.-J. (2015) Emerging nitrogenous disinfection byproducts:
transformation of the antidiabetic drug metformin during chlorine
disinfection of water. Water Res. 79, 104–118

22. Bradley, P. M., Journey, C. A., Button, D. T., Carlisle, D. M., Clark, J. M.,
Mahler, B. J., et al. (2016) Metformin and other pharmaceuticals wide-
spread in wadeable streams of the southeastern United States. Environ.
Sci. Technol. Lett. 3, 243–249

23. Wilkinson, J. L., Boxall, A. B. A., Kolpin, D. W., Leung, K. M. Y., Lai, R.
W. S., Galbán-Malagón, C., et al. (2022) Pharmaceutical pollution of the
world’s rivers. Proc. Natl. Acad. Sci. 119, e2113947119

24. Scheurer, M., Michel, A., Brauch, H.-J., Ruck, W., and Sacher, F. (2012)
Occurrence and fate of the antidiabetic drug metformin and its metab-
olite guanylurea in the environment and during drinking water treatment.
Water Res. 46, 4790–4802

25. Golovko, O., Örn, S., Sörengård, M., Frieberg, K., Nassazzi, W., Lai, F. Y.,
et al. (2021) Occurrence and removal of chemicals of emerging concern
in wastewater treatment plants and their impact on receiving water
systems. Sci. Total Environ. 754, 142122

26. Scheurer, M., Sacher, F., and Brauch, H.-J. (2009) Occurrence of the
antidiabetic drug metformin in sewage and surface waters in Germany. J.
Environ. Monit. 11, 1608

27. Trautwein, C., Berset, J.-D., Wolschke, H., and Kümmerer, K. (2014)
Occurrence of the antidiabetic drug Metformin and its ultimate trans-
formation product Guanylurea in several compartments of the aquatic
cycle. Environ. Int. 70, 203–212

28. Straub, J. O., Caldwell, D. J., Davidson, T., D’Aco, V., Kappler, K., Rob-
inson, P. F., et al. (2019) Environmental risk assessment of metformin and
J. Biol. Chem. (2024) 300(12) 107935 9

mailto:tniehaus@umn.edu
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref1
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref1
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref1
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref1
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref2
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref2
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref2
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref2
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref3
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref3
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref3
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref4
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref4
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref4
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref5
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref5
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref5
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref6
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref6
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref6
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref7
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref7
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref8
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref8
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref8
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref8
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref9
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref9
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref9
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref10
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref10
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref10
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref11
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref11
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref11
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref11
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref12
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref12
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref12
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref13
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref13
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref14
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref14
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref14
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref15
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref15
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref15
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref16
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref16
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref16
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref17
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref17
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref17
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref18
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref18
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref19
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref19
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref19
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref20
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref20
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref20
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref20
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref21
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref21
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref21
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref21
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref22
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref22
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref22
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref22
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref23
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref23
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref23
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref24
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref24
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref24
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref24
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref25
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref25
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref25
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref25
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref26
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref26
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref26
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref27
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref27
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref27
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref27
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref28
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref28


Identification of a metforminase and biguanide hydrolase
its transformation product guanylurea. I. Environmental fate. Chemo-
sphere 216, 844–854

29. Gabr, R. Q., El-Sherbeni, A. A., Ben-Eltriki, M., El-Kadi, A. O., and
Brocks, D. R. (2017) Pharmacokinetics of metformin in the rat: assess-
ment of the effect of hyperlipidemia and evidence for its metabolism to
guanylurea. Can. J. Physiol. Pharmacol. 95, 530–538

30. Tassoulas, L. J., Robinson, A., Martinez-Vaz, B., Aukema, K. G., and
Wackett, L. P. (2021) Filling in the gaps in metformin biodegradation: a
new enzyme and a metabolic pathway for guanylurea. Appl. Environ.
Microbiol. 87, e03003-20

31. Schneider,N.O., Tassoulas, L. J., Zeng,D., Laseke,A. J., Reiter, N. J.,Wackett,
L. P., et al. (2020) Solving the conundrum:widespread proteins annotated for
urea metabolism in bacteria are carboxyguanidine deiminases mediating
nitrogen assimilation from guanidine. Biochemistry 59, 3258–3270

32. Sinn, M., Hauth, F., Lenkeit, F., Weinberg, Z., and Hartig, J. S. (2021)
Widespread bacterial utilization of guanidine as nitrogen source. Mol.
Microbiol. 116, 200–210

33. Hillmann, K. B., and Niehaus, T. D. (2022) Genome sequences of two
Pseudomonas isolates that can use metformin as the sole nitrogen source.
Microbiol. Resour. Announc 11, e0063922

34. Martinez-Vaz, B. M., Dodge, A. G., Lucero, R. M., Stockbridge, R. B.,
Robinson, A. A., Tassoulas, L. J., et al. (2022) Wastewater bacteria
remediating the pharmaceutical metformin: genomes, plasmids and
products. Front. Bioeng. Biotechnol. 10, 1086261

35. Chaignaud, P., Gruffaz, C., Borreca, A., Fouteau, S., Kuhn, L., Masbou, J.,
et al. (2022) A methylotrophic bacterium growing with the antidiabetic
drug metformin as its sole carbon, nitrogen and energy source. Micro-
organisms 10, 2302

36. Li, T., Xu, Z.-J., and Zhou, N.-Y. (2023) Aerobic degradation of the
antidiabetic drug metformin by aminobacter sp. strain NyZ550. Environ.
Sci. Technol. 57, 1510–1519

37. Tassoulas, L. J., Rankin, J. A., Elias, M. H., and Wackett, L. P. (2024)
Dinickel enzyme evolved to metabolize the pharmaceutical metformin
and its implications for wastewater and human microbiomes. Proc. Natl.
Acad. Sci. 121, e2312652121

38. Li, T., Xu, Z.-J., Zhang, S.-T., Xu, J., Pan, P., and Zhou, N.-Y. (2024)
Discovery of a Ni2+-dependent heterohexameric metformin hydrolase.
Nat. Commun. 15, 6121

39. Hartig, J. S., Sinn, M., Riede, L., Funck, D., Fleming, J. R., Mayans, O.,
et al. (2024) Metformin hydrolase is a recently evolved, nickel-dependent,
heteromeric ureohydrolase. Nat. Commun 15, 8045

40. Shintani, M., Sanchez, Z. K., and Kimbara, K. (2015) Genomics of mi-
crobial plasmids: classification and identification based on replication and
transfer systems and host taxonomy. Front. Microbiol. 6, 242

41. Ouzounis, C. A., and Kyrpides, N. C. (1994) On the evolution of arginases
and related enzymes. J. Mol. Evol. 39, 101–104

42. Higgins, K. (2019) Nickel metalloregulators and chaperones. Inorganics 7,
104

43. Punekar, A. S., Porter, J., Carr, S. B., and Phillips, S. E. V. (2016) Structural
basis for DNA recognition by the transcription regulator MetR. Acta
Crystallogr. Sect. F Struct. Biol. Commun. 72, 417–426

44. Niehaus, T. D., Elbadawi-Sidhu, M., De Crécy-Lagard, V., Fiehn, O., and
Hanson, A. D. (2017) Discovery of a widespread prokaryotic 5-oxoprolinase
that was hiding in plain sight. J. Biol. Chem. 292, 16360–16367

45. Belas, R., Mileham, A., Cohn, D., Hilman, M., Simon, M., and Silverman,
M. (1982) Bacterial bioluminescence: isolation and expression of the
luciferase genes from Vibrio harveyi. Science 218, 791–793

46. Baldwin, T. O., Berends, T., Bunch, T. A., Holzman, T. F., Rausch, S. K.,
Shamansky, L., et al. (1984) Cloning of the luciferase structural genes
10 J. Biol. Chem. (2024) 300(12) 107935
from Vibrio harveyi and expression of bioluminescence in Escherichia
coli. Biochemistry 23, 3663–3667

47. Reyes, M.-B., Martínez-Oyanedel, J., Navarrete, C., Mardones, E., Mar-
tínez, I., Salas, M., et al. (2020) Insights into the Mn2+ binding site in the
agmatinase-like protein (ALP): a critical enzyme for the regulation of
agmatine levels in mammals. Int. J. Mol. Sci. 21, 4132

48. Uribe, E., Reyes, M.-B., Martínez, I., Mella, K., Salas, M., Tarifeño-Sal-
divia, E., et al. (2020) Functional analysis of the Mn2+ requirement in the
catalysis of ureohydrolases arginase and agmatinase - a historical
perspective. J. Inorg. Biochem. 202, 110812

49. Sastre, M., Regunathan, S., Galea, E., and Reis, D. J. (1996) Agmatinase
activity in rat brain: a metabolic pathway for the degradation of agmatine.
J. Neurochem. 67, 1761–1765

50. Caldwell, R. W., Rodriguez, P. C., Toque, H. A., Narayanan, S. P., and
Caldwell, R. B. (2018) Arginase: a multifaceted enzyme important in
health and disease. Physiol. Rev. 98, 641–665

51. Poursat, B. A. J., van Spanning, R. J. M., Braster, M., Helmus, R., de
Voogt, P., and Parsons, J. R. (2019) Biodegradation of metformin and its
transformation product, guanylurea, by natural and exposed microbial
communities. Ecotoxicol. Environ. Saf. 182, 109414

52. Iyer, L. M., Zhang, D., Rogozin, I. B., and Aravind, L. (2011) Evolution of
the deaminase fold and multiple origins of eukaryotic editing and
mutagenic nucleic acid deaminases from bacterial toxin systems. Nucleic
Acids Res. 39, 9473–9497

53. Summers, R. M., Louie, T. M., Yu, C.-L., Gakhar, L., Louie, K. C., and
Subramanian, M. (2012) Novel, highly specific N -demethylases enable
bacteria to live on caffeine and related purine alkaloids. J. Bacteriol. 194,
2041–2049

54. Kim, J. H., Kim, B. H., Brooks, S., Kang, S. Y., Summers, R. M., and Song,
H. K. (2019) Structural and mechanistic insights into caffeine degradation
by the bacterial N-demethylase complex. J. Mol. Biol. 431, 3647–3661

55. Zhu, Z., Jiang, W., Thompson, M. D., Echeverria, D., McGinley, J. N., and
Thompson, H. J. (2015) Effects of metformin, buformin, and phenformin
on the post-initiation stage of chemically induced mammary carcino-
genesis in the rat. Cancer Prev. Res. 8, 518–527

56. García Rubiño, M. E., Carrillo, E., Ruiz Alcalá, G., Domínguez-Martín, A.,
Marchal J, A., and Boulaiz, H. (2019) Phenformin as an anticancer agent:
challenges and prospects. Int. J. Mol. Sci. 20, 3316

57. RYLEY, J. F. (1953) The mode of action of proguanil and related anti-
malarial drugs. Br. J. Pharmacol. Chemother. 8, 424–430

58. Poppolo Deus, F., and Ouanounou, A. (2022) Chlorhexidine in dentistry:
pharmacology, uses, and adverse effects. Int. Dent. J. 72, 269–277

59. Rembe, J.-D., Fromm-Dornieden, C., Schäfer, N., Böhm, J. K., and
Stuermer, E. K. (2016) Comparing two polymeric biguanides: chemical
distinction, antiseptic efficacy and cytotoxicity of polyaminopropyl
biguanide and polyhexamethylene biguanide. J. Med. Microbiol. 65,
867–876

60. Abueg, L. A. L., Afgan, E., Allart, O., Awan, A. H., Bacon, W. A., Baker,
D., et al. (2024) The Galaxy platform for accessible, reproducible, and
collaborative data analyses: 2024 update. Nucleic Acids Res. 52,
W83–W94

61. Sayers, E. W., Bolton, E. E., Brister, J. R., Canese, K., Chan, J., Comeau, D.
C., et al. (2022) Database resources of the national center for biotech-
nology information. Nucleic Acids Res. 50, D20–D26

62. Zmuda, A. J., Kang, X., Wissbroecker, K. B., Freund Saxhaug, K., Costa,
K. C., Hegeman, A. D., et al. (2024) A universal metabolite repair enzyme
removes a strong inhibitor of the TCA cycle. Nat. Commun. 15, 846

63. Zmuda, A. J., and Niehaus, T. D. (2023) Systems and strategies for plant
protein expression. Methods Enzymol. 680, 3–34

http://refhub.elsevier.com/S0021-9258(24)02437-2/sref28
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref28
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref29
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref29
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref29
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref29
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref30
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref30
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref30
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref30
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref31
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref31
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref31
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref31
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref32
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref32
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref32
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref33
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref33
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref33
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref34
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref34
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref34
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref34
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref35
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref35
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref35
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref35
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref36
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref36
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref36
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref37
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref37
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref37
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref37
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref38
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref38
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref38
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref39
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref39
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref39
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref40
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref40
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref40
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref41
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref41
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref42
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref42
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref43
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref43
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref43
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref44
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref44
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref44
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref45
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref45
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref45
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref46
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref46
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref46
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref46
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref47
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref47
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref47
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref47
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref48
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref48
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref48
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref48
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref49
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref49
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref49
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref50
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref50
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref50
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref51
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref51
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref51
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref51
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref52
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref52
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref52
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref52
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref53
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref53
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref53
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref53
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref54
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref54
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref54
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref55
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref55
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref55
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref55
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref56
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref56
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref56
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref57
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref57
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref58
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref58
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref59
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref59
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref59
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref59
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref59
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref60
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref60
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref60
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref60
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref61
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref61
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref61
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref62
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref62
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref62
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref63
http://refhub.elsevier.com/S0021-9258(24)02437-2/sref63

	Biochemical and genomic evidence for converging metabolic routes of metformin and biguanide breakdown in environmental Pseu ...
	Results
	Genomic analysis of Pseudomonas isolates
	Growth of Pseudomonas isolates on biguanide derivatives
	Screening metforminase candidate genes
	mfmAB encodes a heteromeric metforminase
	bguH encodes a novel biguanide aminohydrolase
	Overexpression of bguH allows E. coli to use biguanide as a nitrogen source

	Discussion
	Experimental procedures
	Chemicals and reagents
	Bioinfomatic analyses
	Pseudomonas nitrogen source growth assays
	Gene cloning
	Protein expression and purification
	Enzyme assays
	Growth assays with E. coli

	Data availability
	Supporting information
	Author contributions
	Funding and additional information
	References


