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Insights into the action of the pharmaceutical
metformin: Targeted inhibition of the gut
microbial enzyme agmatinase

Lambros J. Tassoulas'-? and Lawrence P. Wackett!2:3*

SUMMARY

Metformin is the first-line treatment for type 2 diabetes, yet its mechanism of action is not fully under-
stood. Recent studies suggest metformin’s interactions with gut microbiota are responsible for exerting
therapeutic effects. In this study, we report that metformin targets the gut microbial enzyme agmatinase,
as a competitive inhibitor, which may impair gut agmatine catabolism. The metformin inhibition constant
(K;) of E. coli agmatinase is 1 mM and relevant in the gut where the drug concentration is 1-10 mM. Met-
formin analogs phenformin, buformin, and galegine are even more potent inhibitors of E. coli agmatinase
(K; = 0.6, 0.1, and 0.007 mM, respectively) suggesting a shared mechanism. Agmatine is a known effector
of human host metabolism and has been reported to augment metformin’s therapeutic effects for type 2
diabetes. This gut-derived inhibition mechanism gives new insights on metformin’s action in the gut and
may lead to significant discoveries in improving metformin therapy.

INTRODUCTION

Metformin is the first-line treatment for type 2 diabetes with an unknown mechanism and prescribed to hundreds of millions of patients annu-
ally. Beyond the prescribed usage, metformin has been identified to also have anti-tumor and anti-obesity properties.” The versatility of the
drug to promote healthy outcomes in treatment has prompted intense scrutiny of its mechanism of action in the past two decades. Recent
studies identify metformin’s interaction with human gut microbes to be responsible for the drug’s therapeutic effects.® © In the human gut, the
concentration of metformin is estimated to vary between 1 and 10 mM while the concentration of the drug once absorbed into the portal vein,
entering the liver, is reported to be between 10 and 40 uM.” This level of concentration in human tissue is orders of magnitude less than the
inhibitory concentrations found for metformin acting on certain human targets. In addition, a study that conducted intravenous administration
of metformin to treat type 2 diabetes patients, which mainly circumvents the human gut, showed little or no effectiveness.”

Human gut microbes are known to be a key indicator in human health and modulation of the gut microbiome is seen as a new frontier for
therapeutic intervention.® Targeting the human gut can be problematic due to the variation of the gut microbiome from patient to patient
which may cause variable side effects or potency.” Approximately 30% of patients treated with metformin suffer from gastrointestinal symp-
toms and another 20% of type 2 diabetes patients are non-responders to the drug and require alternative medication.'”"" Elucidating the
direct mode of action of metformin in the gut could help reveal key improvements that can improve the therapy and ameliorate side effects.
The recommended dose for metformin is 1000-2000 mg daily for patients which is not metabolized by human enzymes and >80% is excreted
into wastewater, making the drug one of the most pervasive pollutants in the world.”

Recently, we discovered the genes and enzyme in microbes responsible for transforming metformin to guanylurea in wastewater treatment
plants.”® This was an effort to determine metformin metabolic gene markers that could be used to identify similar genes in human gut meta-
genomes and thus possibly reveal gut drug metabolism. The discovered enzyme, metformin hydrolase, is homologous to members of the
ureohydrolase protein superfamily like agmatinase and arginase which are metal dependent using binuclear, divalent metals. Several met-
formin-degrading bacteria, encoding metformin hydrolase (seq. id. > 97%), have been isolated from wastewater treatment plants across three
continents (North America, Europe, and Asia) suggesting the enzyme is widespread."*'*"® Surprisingly, we were able to identify metformin-
degrading genes in freshwater, but not wastewater, metagenome sequences.

The metformin hydrolase genes mfmA and mfmB encode a nickel-dependent binuclear metalloenzyme that is made from the complex of
MfmA of and MfmB proteins with the MfmA subunit containing the active site (Figure 1A)."* Using the MGnify database, which allows for a
protein sequence to be searched against hundreds of thousands translated metagenome datasets, found no close matches (>30% seq. id.) to
MfmA or MfmB sequences in recorded human gut metagenomes, as of August 19, 2023 (Figure 1A)."° This inconclusive result led us to
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Figure 1. Targeted inhibition of gut bacterial agmatinases by metformin

(A) Searching for metformin-degrading enzymes in the human gut microbiome. Metformin is transformed by wastewater microbes to guanylurea and
dimethylamine using the metformin hydrolase enzyme, MfmAB. BLAST search for gut homologs of MfmAB from the Unified Human Gastrointestinal Protein
(UHGP) catalog retrieved 10,000 hits but none shared more than 30% sequence identity with MfmA or MfmB sequences.

(B) Gut and human homologs of MfmAB tested for inhibition by metformin. Protein homologs of MfmAB are from the ureohydrolase superfamily that hydrolyzes
guanidine substrates to form urea and alkylamines. Select human and gut microbe homologs were expressed heterologously in E. coli, purified, and screened for
inhibition by metformin in competition with their native substrates. Only the gut homologs, ECAGM and CbAGM, that are active on agmatine were potently
inhibited by metformin (K; < 50 mM). Metformin was not degraded by these homologs as determined by an HPLC method. Error bars denote one standard
deviation of the mean from two technical replicates.

(C) Sequence similarity network (SSN) of gut and human homologs of MfmAB. 10,000 sequences from the UHGP along with human homologs and experimentally
characterized proteins were clustered and indicate that human gut microbes have agmatinase, guanidinopropionase, guanidinobutyrase, and arginase activities.
The gut agmatinases ECAGM and CbAGM come from two different clusters of sequences. ECAGM is manganese dependent while CbAGM is nickel dependent
and metal preferences may explain their divergence. The E-value cutoff for this SSN was set to 61.

(D) Kinetic parameters of ECAGM and CbAGM agmatinases. ECAGM has a superior k.. over CbAGM with an approximately 350-fold difference in catalytic
efficiency (kear/Kn). Error bars denote one standard deviation of the mean from two technical replicates.

(E) Taxonomy of ECAGM-like and CbAGM:-like sequences. Sequences pertaining to the clusters with CbAGM or ECAGM were extracted from the SSN and
taxonomic metadata was evaluated. ECAGM-like sequences shared >60% sequence identity with ECAGM and came from Gammaproteobacteria that are
facultative anaerobes which includes notable Escherichia, Citrobacter, and Klebsiella microbes that have an agmatinase with >97% sequence identity to
EcAGM. CbAGM-like sequences are more divergent and share >40% sequence identity with CbAGM and come from Clostridia and Negativicutes that are
obligate anaerobes which includes notable Clostridium, Faecalibacterium, and Ruminococcus microbes.

develop an alternative hypothesis that, since metformin hydrolase evolved from the ureohydrolase protein superfamily, there could be very
poor activity or possibly inhibition of gut ureohydrolase homologs with metformin.

Agmatinase is an example of a gut microbial urechydrolase that, in a recent host-microbe study by Pryor et al., was linked to metformin action to
increase the lifespan of C. eleganswith Escherichia coli (E. coli) as an endosymbiont.'” In the study, deletion of the agmatinase gene in E. coli simu-
lated metformin’s positive effect and this finding suggested that metformin inhibits agmatinase from E. coli, a known gut microbe in humans."’
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We now report that metformin targets gut bacterial agmatinases, which catabolize agmatine, as a potent, competitive inhibitor that is
relevant in the human gut context. We also find that related metformin analogs buformin, phenformin, and galegine competitively, and
more potently, inhibit agmatinase, indicating a shared mechanism. Revealing that metformin targets agmatine metabolism in the gut may
have profound implications in type 2 diabetes therapy which is discussed in this report.

RESULTS

Metformin inhibits human gut agmatinases

Metformin is a potent, competitive inhibitor of E. coli agmatinase (ECAGM) with an inhibition constant (K;) of 1 mM at near physiological pH,
7.5 (Figure 1B). This level of inhibition is relevant in the context of the human gut as the concentration of metformin in the gut is estimated to
be between 1 and 10 mM."® This result prompted us to explore if metformin can inhibit other gut ureohydrolases or possibly even homologs
found in human cells.

To discern this, we clustered 10,000 human gut protein sequences from the Unified Human Gastrointestinal Protein catalog that are ho-
mologous to ECAGM, along with experimentally characterized ureohydrolases, to create a sequence similarity network (SSN) that can visualize
clusters of sequences with unique functions (Figure 1C). Annotating the SSN, using the characterized ureohydrolases, the SSN revealed clus-
ters of ureohydrolases, present in the human gut, that likely utilize 3-guanidinopropioniate, 4-guanidinobutyrate, and arginine along with ag-
matine. There are three ureohydrolase homologs in humans which include arginases, ARG1 and ARG2 as well as the enzyme AGMAT that is
active on guanidino acids like 4-guanidinobutyrate.'”?' The largest cluster, cluster 2, of gut sequences in the SSN contains a separate sub-
family of agmatinase enzymes which have been found to be Ni?*, Co?*, or Fe?* dependent and are divergent from the E. coli agmatinase
which is Mn?* dependent (Figure 1C). This was determined when characterizing a sequence from this divergent cluster, from the gut microbe,
Clostridium butyricum (CbAGM), with 32% sequence identity to ECAGM, which was most activated with the addition of Ni%* but not Mn?*
cations (Figure S1). In addition, previously characterized agmatinases from hyperthermophilic archaea, Pyrococcus horikoshii and Methano-
caldococcus jannaschii, were found to be Co?* and Fe?* dependent, respectively, and are also part of the agmatinase subfamily that includes
CbAGM (Figure 1C; Table 51).7%?3

After assessing the possible functional landscape of ureohydrolases in the human gut, a select set of sequences were screened for inhi-
bition by metformin, which could represent most of the sequence space. No metabolism of metformin was found for any gut or human ure-
ohydrolase homolog tested. The screening found no significant inhibition (K; < 50 mM) by metformin with ureohydrolase function other than
agmatinase (Figure 1B). The competitive inhibition constant of metformin for the Ni?*-dependent CbAGM was 13 mM and was less potent
than metformin’s effect on ECAGM with a K; of 1.1 mM. Comparing the kinetic parameters of the two enzymes, ECAGM has more than a
350-fold higher ke but similar Ky compared to CbAGM (Figure 1D). The cluster of sequences in the SSN that contains CbAGM, or
CbAGM-like sequences, are encoded primarily in Clostridia and Negativicutes microbes (e.g. Clostridium, Faecalibacterium, and Ruminococ-
cus) that are obligate anaerobes whereas the cluster of sequences that contains ECAGM-like sequences are encoded in Gammaproteobac-
teria (e.g. Escherichia, Citrobacter, and Klebsiella) that are facultative anaerobes (Figures 1C and 1E).

To estimate the level of inhibition that metformin may have on these agmatinases in the gut, Michaelis-Menten kinetic equations may be
used, assuming a steady state. Taking into account the concentration of agmatine in the gut, which has been reported to be in the micromolar
range (e.g. 20 uM), and an average metformin concentration of 5 mM, the reduction in the maximum velocity of ECAGM-like and CbAGM-like
enzymes is predicted to be 83% and 27%, respectively (Figure $2).”* This indicates that inhibition of ECAGM-like agmatinases by metformin is
significant while for CbAGM-like it appears to be less so.

Inhibition of E. coli agmatinase by metformin analogs and its parent compound, galegine

To determine whether agmatinase inhibition is a mechanism of action reserved only for metformin, more potent anti-diabetic analogs, phen-
formin, buformin, and metformin’s parent compound, galegine, were tested as competitive inhibitors of ECAGM. This revealed that phenfor-
min, buformin, and galegine were more potent inhibitors of ECAGM, compared to metformin, with K; of 0.6, 0.1, and 0.007 mM, respectively
(Figure 2A). The potency of the analogs to inhibit E. coli agmatinase appears to be proportional to their recommended doses to treat type 2
diabetes (Figure 2B). The recommended dose for metformin is 1000-2000 mg daily while for phenformin and buformin the dose is more than
5-fold less than metformin.?> Galegine has not been tested clinically but in an experiment by Muller et al., galegine was administered to
several diabetic patients with doses between 25 and 100 mg as treatment.”

The competitive inhibition of ECAGM by metformin and its analogs indicates that the inhibitors bind in the enzyme's active site which con-
tains a binuclear manganese cluster. Attempts were made to get an X-ray crystal structure to show the inhibition complex of metformin or
galegine in the ECAGM active site but were not successful. Instead, the complex was modeled in silico by docking the inhibitors into the
EcAGM active site. The docking suggests that the biguanide inhibitors can bind so that some of its guanidinium nitrogen atoms may chelate
the binuclear manganese metals whereas other nitrogen atoms can make polar contacts with ECAGM residues Thr242, Thr244, and Glu274
(Figure 2C). The exquisite potency of galegine suggests that it too may chelate the binuclear metals, and it is possible that the sp? character of
the alkenyl functionality of galegine may act as a chelator in an n? fashion while the guanidinium nitrogen atoms could interact with the same
EcAGM residues that may bind the biguanide inhibitors (Figure 2D). The mechanism of ECAGM, and other members of the ureohydrolase
superfamily, involves metal-activated hydroxide to act as the nucleophile in substrate hydrolysis which is demonstrated by the enzyme being
the most active in alkaline conditions, where the concentration of hydroxide is higher than neutral pH.?’ To see if the inhibitors are affected by
pH and compete with, or are assisted, by the metal-bound hydroxide, we determined the inhibition kinetics of metformin and galegine in
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Figure 2. Inhibition of E coli agmatinase by metformin analogs

(A) Anti-diabetic analogs phenformin, buformin, and galegine are competitive inhibitors of ECAGM. Michaelis-Menten kinetics was obtained for ECAGM in the
presence or absence of inhibitor and the inhibition constants (K;) were determined. Activity at several agmatine concentrations was measured by observing urea
release using a colorimetry assay in 100 mM HEPES pH 7.5, 2 mM MnCl,. Error bars denote one standard deviation of the mean from two technical replicates. Plot
lines show the fit to the Michaelis-Menten equation. The K; for each inhibitor is expressed as a mean and one standard deviation.

(B) Recommended dosage and estimated gut drug concentration of metformin and analogs. Drug potency appears to be correlated with the K; of the different
analogs and estimated gut concentrations are determined relative to metformin’s dosage and assuming 75% drug absorption for buformin, phenformin, and
galegine compared to the known 50% drug absorption for metformin.

(C and D) Docking of metformin and galegine into the ECAGM active site. Docking of metformin indicates some of its guanidinium atoms may have polar contacts
with residues T242, T244, and E274 of ECAGM and other guanidinium atoms chelate the binuclear manganese in the active site. Galegine docked into the active
site may have its guanidinium atoms make similar polar contacts to ECAGM residues like metformin and may be possible that the sp? character of the alkene bond
of galegine chelates the metal to be a potent inhibitor. See Figure S3 for docking models of buformin and phenformin.

more acidic, pH 6.5 and more alkaline pH of 8.5. The lower or higher pH resulted in no significant change in the inhibition constants for met-
formin or galegine that were measured at pH 7.5 (Table S2).

Metformin inhibition of agmatinase in the context of the human gut

The inhibition by metformin appears most significant for ECAGM-like enzymes and, while there are two subfamilies of agmatinases in the hu-
man gut, their relative abundance to the whole microbiome and to each other is not clear. To get a good estimate of relative abundance, the
taxonomic information of the ECAGM-like and CbAGM-like sequence clusters was cross referenced to the 16S rRNA gene-based profiling of
136 fecal samples obtained from several cohorts of type 2 diabetes patients that were prescribed metformin.'” The profiling data indicated
that the most abundant microbes containing ECAGM-like sequences are Escherichia, Citrobacter, and Klebsiella from Gammaproteobacteria
(Figure 3A). While for the CbAGM-like cluster, the profiling data indicated that it is comprised of Clostridiales microbes Faecalibacterium
prausnitzii, Ruminococcus sp., and Clostridium sp. The distribution of the relative abundances for CbAGM-like encoding microbes in fecal
samples was broad between 0% and 10% while for ECAGM-like microbes the distribution was more narrow between 0% and 2.5% (Figure 3B).
A comparison of the means of the two distributions suggests that the CbAGM:-like encoding microbes may be more abundant than ECAGM-
like encoding microbes in fecal samples. Although EcCAGM:-like microbes may still contribute the majority of gut agmatinase activity as the
turnover number (ke.r) of ECAGM at physiological conditions is several orders of magnitude greater than that of characterized CbAGM-
like enzymes (Figure 3C; Table S1). More investigation is necessary to understand levels of gut agmatinase activity in situ and what the likely
contributions come from CbAGM-like and EcCAGM-like agmatinases.

Agmatine produced in the gut is derived from decarboxylation of L-arginine in microbes that encode arginine decarboxylase.
L-arginine comes from dietary or endogenous sources and decarboxylase activity in the gut is highest in the colon, where most
gut microbes reside and it is an anaerobic environment.”® Agmatine can be catabolized into putrescine by agmatinase but also
by an alternate pathway that is initiated with the agmatine deiminase (AgDI) enzyme (Figure 4). Agmatine deiminase is a hydrolytic
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Figure 3. Relative fecal abundances of microbes encoding a CbAGM-like or ECAGM-like agmatinase

(A) Profiling human microbiome using 16S rRNA amplicon sequencing reads. Sequencing reads from microbes with genus-species that matched the taxonomy of
EcAGM-like or CbAGM-like protein sequences were counted to estimate relative abundances.

(B) Violin plot of relative abundance of CbAGM-like or ECAGM-like encoding microbes in fecal samples of type 2 diabetes patients taking metformin. The three
most abundant CbAGM-like microbes were Faecalibacterium, Ruminococcus, and Clostridium species while for ECAGM-like microbes the two most abundant
were Citrobacter and Escherichia sp. The distribution of relative abundances of CbAGM-like encoding microbes was broad between 0 and 10% while for ECAGM-
like microbes, the distribution was more narrow between 0 and 2.5%. The average relative fecal abundance of CbAGM-like microbes was approximately 3-fold
more than ECAGM-like microbes. See Table S7 for the data points shown in this plot.

(C) Estimation of the human gut agmatinase activity contribution by microbes encoding ECAGM-like or CbAGM-like agmatinases. Compounding the relative
abundance of CbAGM-like and EcAGM-like microbes with the estimated turnover numbers (k...) of the enzymes suggests that the majority of gut
agmatinase activity (>90%) is contributed by ECAGM-like enzymes in the gut.

enzyme like agmatinase but is different in that it is not metal dependent and yields ammonium and N-carbamoylputrescine as prod-
ucts of the reaction.’” N-carbamoylputrescine is then transformed into putrescine either by putrescine carbamoyltransferase or
N-carbamoylputrescine amidase with the latter being hydrolytic and the former produces carbamoylphosphate that can be used
by carbamate kinase to yield ATP (Figure 4).°%?" To see if agmatine catabolism via AgDI is inhibited by metformin or galegine,
the previously characterized AgDI homolog from Enterococcus faecalis was expressed in E. coli and tested in vitro.”' The purified
enzyme was active on agmatine but not inhibited by either 50 mM metformin or 5 mM galegine (Figure S4). Putrescine can be utilized
by microbes in catabolism to produce metabolites such as y-aminobutyric acid or in biosynthesis of polyamines like spermidine,
spermine. The targeted inhibition of gut agmatinase by metformin gives insight that either agmatine, putrescine catabolites, or poly-
amines may be effectors of the drug’s therapy for type 2 diabetes (Figure 4).

DISCUSSION
Metformin targets gut agmatinase activity as a potent, competitive inhibitor

Metformin potently inhibited gut agmatinase activity and not any other homolog of the ureohydrolase protein superfamily nor agmatine de-
iminase that also uses agmatine as a substrate. The agmatinase inhibition constant (K;) for metformin, at pH 7.5 was around 1 mM which is
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Figure 4. Metformin inhibition of agmatinase in the context of the human gut

Agmatine is a product of L-arginine decarboxylation which in E. coli or Citrobacter serves as an acid resistance mechanism. Arginine and agmatine are known to
be transported in and out of the cell by the AdiC antiporter. Metformin inhibition of ECAGM prevents agmatine degradation to putrescine although E. coli are
able to synthesize putrescine from ornithine via ornithine decarboxylase (ODC). Agmatine is known to be preferentially absorbed into human tissue via the OCT2
and MATET1 transporters. Agmatine can also be catabolized by gut microbes into putrescine using an alternate pathway that is initiated with agmatine deiminase
(AgDI) to produce N-carbamoylputrescine (NCPutrescine). Agmatine deiminase from Enterococcus faecalis was not inhibited by metformin or galegine when
tested in vitro (Figure S4). An enzyme, N-carbamoylputrescine amidase (NCP), can hydrolyze this to putrescine in a Bacteroides species for example.
Alternatively, in E. faecalis, N-carbamoylputrescine can be converted to putrescine via putrescine transcarbamylase (PTC) which forms carbamoyl phosphate
that can be used by carbamate kinase to form an ATP energy equivalent. In these microbes, agmatine and putrescine can be transported in an out of the
cell by the AguD antiporter. Putrescine is utilized by microbes in catabolism to produce metabolites such as y-aminobutyric acid (GABA) or in biosynthesis of
polyamines like spermidine, spermine. The targeted inhibition of gut agmatinase by metformin gives insight that either agmatine, putrescine catabolites, or
polyamines are effectors of the drug's therapy for type 2 diabetes.

relevant in the gut where the concentration of metformin is several millimolar and the lumen pH of the small and large intestines varies be-
tween pH 6.5 and 7.5.%

Inhibition of enzymes in vitro by metformin has been described in several prior studies but shows less potent inhibition. Metformin compet-
itively inhibits dihydrofolate reductase from E. coli but with a reported K; of 24 mM.** For a human enzyme, serine hydroxymethyltransferase 2
showed mixed inhibition by metformin with a K; of 13 mM although the concentration of metformin entering the liver from the portal vein has
been measured to be between 10 and 40 uM.>>* A study by Ma et al. found that metformin can bind the human PEN2 protein with a binding
constant in the micromolar range and this can cause AMP kinase activation, a hallmark of metformin therapy.®® However, in the same study,
biguanide analogs phenformin and buformin were shown to not act in the same manner as metformin. A few studies report metformin inhib-
iting mitochondrial respiration proteins like complex IV in the hundreds of micromolar but rely on the assumption that metformin can accu-
mulate in the mitochondria of hepatocytes at concentrations several fold higher than in the plasma.***

Agmatine, putrescine, and its metabolites as effectors of metformin therapy

The inhibition of gut agmatinase activity suggests either agmatine, putrescine, or related metabolites may be effectors in the therapy that
metformin delivers (Figure 4). Agmatine is known to act like metformin and lower plasma glucose levels in diabetic mice and also have
anti-tumor, anti-aging, and neuroprotective effects.'’*® In a study by Kotagale et al., diabetic mice were treated with agmatine and metformin
which saw synergistic effects to lower blood glucose and treat impaired cognition of the mice.>” Agmatine can bind and is an agonist to hu-
man imidazoline receptors (l4, I5) in the micromolar range and it is purported that this may stimulate the therapeutic effects of the mole-
cule.”"" The I, receptors specifically are located on the outer membrane of mitochondria but it is still unclear what effects are caused
when agmatine binds to these receptors. Another mechanism independent of imidazoline receptors is the effect of agmatine to indirectly
inhibit ornithine decarboxylase activity in certain human cell lines and thus polyamine biosynthesis and cell proliferation.’>** The effective
concentrations for agmatine used in in vitro studies to see decreases in cell proliferation were in the range of tens of micromolar. This effect
of agmatine is seen as a mechanism to inhibit cancer growth.*?

Metformin does not inhibit agmatine deiminase in the gut which suggests that agmatine can still be catabolized even with metformin treat-
ment. A study by Kitada et al. observed that putrescine production in a complex community of gut microbes can be simplified to a collab-
oration of E. coli and Enterococcus faecalis, of which the latter encodes agmatine deiminase.” The study determined that E. coli's role is to
produce agmatine as part of an acid resistance mechanism and then expel agmatine into the media to be consumed by E. faecalis to produce
putrescine. AgDI from E. faecalis has superior kinetics parameters (Ky, keat) compared to ECAGM with a Ky, of 35 uM and ke, of 840 s~" which
may explain why this synergy is more productive.”’ The study also tested E. coli with an agmatinase gene deletion and saw an approximate
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50% increase in putrescine production in combination with E. faecalis.*® This experiment was done in culture and it is important to note that in
the context of the gut, the increase in the amount of agmatine exported, due to E. coli deficient in agmatinase activity, may be absorbed into
the colonic epithelium and only be partially taken up by other gut microbes such as E. faecalis. Agmatine is known to be preferentially ab-
sorbed into human cells by the human OCT2 and MATET transporters.*®

While the E. coli agmatinase appears to be a target in the gut for metformin, it is important to mention that a key observation in metfor-
min’s effect in altering the gut microbiome of treated patients is the increased abundance of bacterial genera Escherichia, Enterobacter, and
Citrobacter, all which encode ECAGM-like agmatinases.®'”*’ This suggests that inhibition of gut agmatinase activity is not toxic to these mi-
crobes with one explanation being that they are still able to produce putrescine and polyamines from another pathway via ornithine decar-
boxylase (Figure 4). In growth studies of E. coli deficient in both pathways to biosynthesize polyamines, it was observed that the polyamine
spermidine is not needed for aerobic growth but is required for growth in strictly anaerobic conditions, like the large intestine of the human
gut.”® If agmatinase activity is the only target of metformin therapy in the gut, then it is possible that positive feedback is coming from the host
or other microbes which increases the abundance of ECAGM-like containing microbes. The other key modulations of the gut microbiome by
metformin, across many studies, are the increase in short-chain fatty acid (SCFA)-producing and mucin-degrading microbiota.>*"? In the
aforementioned study by Kitada et al., the addition of SCFA-producing Bifidobacterium microbes in co-culture with E. coli and Enterococcus
faecalis led to an acidification of the medium and increased putrescine production, from E. coli and Enterococcus, more than 2-fold. The acid
resistance mechanism of E. coli suggests that SCFA producers in the gut would also promote agmatine production.”> How metformin treat-
ment reinforces these modulations of the gut microbiome and whether they are linked remains to be seen but may possibly be probed with
this new insight that metformin targets gut agmatinase activity.

According to several reports, putrescine, polyamines, or putrescine catabolites derived from the gut may have a myriad of effects that have
been relatively understudied compared to agmatine.””>”" Targeted metabolomics of these compounds in the gut and human tissue is neces-
sary to understand their change in response to metformin treatment. Testing using gnotobiotic and diabetic mice inoculated with E. coli defi-
cient in agmatinase activity may be important in revealing metformin’s true mechanism in the gut. If agmatine is the true effector of metformin
therapy, there are possible opportunities to improve the therapy for the many millions of patients taking metformin. A potential therapy for
type 2 diabetes may be to administer agmatine in combination with metformin that may not require as high of dosage that is needed for
treatment when using metformin or agmatine alone. A lower dosage would also limit gastrointestinal symptoms of metformin which occurs
in 30% of patients."’

Probiotics like Bifidobacteria, which ferment acid metabolites like lactate and SCFAs, lower intestinal pH and may increase agmatine pro-
duction of E. coli-like bacteria in the gut and could also be co-administered with metformin.”> One other approach is to develop effective
inhibitors of agmatine deiminase to test for type 2 diabetes treatment in combination with metformin.>?

Metformin gut drug metabolism

Gut ureohydrolase homologs tested in this study were not active with metformin and were distant in shared sequence identity (<30%) with
metformin hydrolase, MfmAB. This still does not indicate that metformin is not metabolized by gut microbes. The lack of a detected signal
may be due to metagenomic sequence coverage in human fecal samples that is not adequate to capture the genes from low-abundance
microbes (<1%).”** In the human gut microbiome, microbes present in low-abundance have been shown to be important in causing exten-
sive changes to the overall community, affecting pathogenicity and secondary metabolism.>” Quantitative PCR may be a great tool to detect
the MfmAB genes in fecal samples and determine if gut drug metabolism may be present.

Limitations of the study

Despite sampling a functionally diverse set of ureohydrolase homologs for metformin inhibition, the study may not have sampled enough
agmatinase homologs from the CbAGM-like or ECAGM-like clusters to be able to generalize accurately the level of metformin inhibition
and enzyme kinetics for each.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains

Escherichia coli BL21 (DE3) New England Biolabs Cat#t C2527H
Chemicals, peptides, and recombinant proteins

agmatine sulfate Fluka Cat# 05083
metformin hydrochloride Cayman Chemical Cat# 13118
buformin hydrochloride Enamine Cat# EN300-123753
phenformin hydrochloride Cayman Chemical Cati# 14997
2-methyl-2-thiopseudourea hemisulfate Sigma-Aldrich Cat# M84445
3-methyl-2-buten-1-amine A2B Chem Cat# AA57254
L-glutamic acid dehydrogenase from bovine liver Sigma-Aldrich Cat# G7882
Bradford Protein Assay Dye Reagent Bio-Rad Cat# 5000006
thiosemicarbazide Acros Organics Cat# 138901000
2,3-butanedione monoxime Sigma-Aldrich Cat# 31550
urea Fluka Cat# 51456
4-guanidinobutyric acid Fluka Cat# 51018
L-arginine hydrochloride Acros Organics Cat# 105001000
3-guanidinopropionic acid Sigma-Aldrich Cat# G6878

E. coli agmatinase (ECAGM)

C. butyricum agmatinase (CbAGM)

E. faecalis agmatine deiminase (AgDI)

P. aeruginosa guanidinopropionase (GpuA)
human arginase 1 (ARG1)

human arginase 2 (ARG2)

human guanidino acid hydrolase (AGMAT)

Prepared in study
Prepared in study
Prepared in study
Prepared in study
Prepared in study
Prepared in study
Prepared in study

NCBI: WP_000105566.1
NCBI: QGH27404.1
NCBI: WP_002363185.1
NCBI: WP_003112934.1
NCBI: NP_000036.2
NCBI: NP_001163.1
NCBI: NP_079034.3

Critical commercial assays

Gibson Assembly Cloning Kit

New England Biolabs

Cat# E5510S

Deposited data

Unified Human Gastrointestinal
Protein Catalog v(2.0.1)

ZINC20 ligand restraints
E. coli agmatinase (ECAGM)

Almeida et al.>®

Irwin et al.”’

Maturana et al.”®

http://ftp.ebi.ac.uk/pub/databases/metagenomics/
mgnify_genomes/human-gut/v2.0.1/

https://zinc.docking.org/
PDB: 7LOL

Mapped microbial abundances for Pryor etal.'’ https://data.mendeley.com/datasets/crmtpmd622/

metagenome-based cohort data draft?a=ef347ccd-7532-44b0-8925-d2c04a71b419

Recombinant DNA

pET28a(+) EMD Millipore Cat# 69864-3

pGro7 Takara Bio Cat# 3340

Software and algorithms

MGnify Richardson et al."” https://www.ebi.ac.uk/metagenomics

BLAST+ Camacho et al.”” https://blast.ncbi.nlm.nih.gov/doc/
blast-help/downloadblastdata.html

EFI-EST Gerlt et al.®® https://efi.igb.illinois.edu/efi-est/

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Cytoscape Shannon et al.®! https://cytoscape.org/

AutoDock Vina Eberhardt et al.®? https://autodock-vina.readthedocs.io/
AutoDockTools Morris et al.** https://autodock.scripps.edu/

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Lawrence P. Wack-
ett (wacke003@umn.edu).

Materials availability

e This study did not generate new unique reagents.

Data and code availability
e Data showing enzyme kinetics reported in this paper will be shared by the lead contact upon request. This paper analyzes existing,
publicly available datasets and their accession numbers are listed in the key resources table.
e This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

METHOD DETAILS
Cloning, expression and purification of ureohydrolase homologs

The agmatinase from Escherichia coli gene (EcAGM, WP_000105566.1) was cloned from the ASKA®* clone, JW2904, that contained the speB
gene on an overexpression plasmid which was PCR amplified and cloned into Escherichia coli BL21 DE3 cells (New England Biolabs) using a
pET28 vector derivative with kanamycin resistance. The gene was cloned with an N-terminal a 6x His-tag and inserted, by Gibson assembly,
into the multiple cloning site using the Ndel and Hindlll restriction sites. The Clostridium butyricum agmatinase (CbAGM, QGH27404.1),
Pseudomonas aeruginosa guanidinopropionase (GpuA, WP_003112934.1), Enterococcus faecalis agmatine deiminase (AgDl,
WP_002363185.1), and human arginase 1 (ARG1, NP_000036.2) were codon-optimized and cloned in the same procedure as ECAGM. The
homologs, human arginase 2 (ARG2, NP_001163.1) and human guanidino acid hydrolase (AGMAT, NP_079034.3) were cloned as truncation
variants for optimal expression in E. coli as the native sequences contain signal peptide sequences to direct their proteins to the mitochondria.
Truncation variants ARG2 Aq_p4/A331.354 and AGMAT A1 _35 were made as done in prior studies and codon-optimized, cloned in the same pro-
cedure as above.”"”!

The proteins ECAGM, GpuA, CbAGM, and AgDI were expressed by growing cells in lysogeny broth (LB) medium supplemented, with
either 0.5 MM MnSOy (ECAGM, GpuA), 0.5 mM NiSO, (CbAGM), or no metal (AgDI) and 50 ug/mL kanamycin at 37°C and 200 rpm to an
ODggo of 0.6 in a shake flask. The culture was cooled to 16°C and induced with 1 mM isopropy! B-D-1-thiogalactopyranoside (IPTG) and,
with the same agitation, incubated for 20 h. Cell pellets were harvested by centrifugation at 1,500 x g for 20 min and stored at —80°C. The
human arginases ARG1, ARG2 were expressed by growing cells in terrific broth (TB) medium supplemented with 0.5 mM MnSQ,,
50 pg/mL kanamycin and the cells were grown, induced and cell pellets harvested as done for the other proteins.

The soluble expression of AGMAT required the co-expression of GroES-GroEL chaperones using a co-transformed plasmid, pGro7 (Ta-
kara Bio) with chloramphenicol resistance and expression induced by arabinose.®> AGMAT was expressed by growing cells in TB medium,
supplemented with 0.5 mM MnSOy, and 50 pg/mL kanamycin and 30 pg/mL chloramphenicol at 37°C and 200 rpm to an ODggg of 0.4 in a
shake flask. The culture was cooled to 16°C and GroES-GroEL chaperones were induced with 0.005% (w/v) arabinose and 1 h later,
AGMAT was induced with 1 mM IPTG and, with the same agitation, incubated for 20 h. Cell pellet of AGMAT was harvested as stored as
done for the other proteins.

For purification, cell pellets were resuspended in lysis buffer (50 mM Tris-HCI, 500 mM NaCl, 10 mM beta-mercapatoethanol pH 7.4). The
cells were lysed using a French Press with three passes at 10,000 psi and the lysate was then clarified by centrifugation at 20,000 x g for 1 h. The
proteins were purified from the lysate by using fast protein liquid chromatography (FPLC) and immobilized metal affinity chromatography
(IMAC). Using a GE-AKTA FPLC and a GE HisTrap 5 mL column, proteins were purified after running an imidazole gradient from 25 mM
to 500 mM and fractions collected. Pooled fractions from the FPLC were buffer exchanged into storage buffer (20 mM HEPES-NaOH,
200 mM NaCl pH 8) using a 15-mL Amicon 10 kDa centrifugal filter. Protein concentrations were determined by Bradford reagent. Aliquots
of concentrated protein were flash frozen in liquid nitrogen and stored at —80°C to be then used for kinetic assays. For metal reconstitution
experiments, CbAGM enzyme was stripped of metal by buffer exchanging the enzyme with 1 mM 1,10-phenanthroline, 2 mM EDTA in storage
buffer using a 15-mL Amicon 10 kDa centrifugal filter. See Figure S5 for a stained, denaturing polyacrylamide gel of the proteins used in the
studly.
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Substrates and NMR

Metformin hydrochloride (Cayman Chemical), buformin hydrochloride (Enamine), phenformin hydrochloride (Cayman Chemical), L-arginine
hydrochloride (Acros), agmatine sulfate (Fluka), 4-guanidinobutyric acid (Fluka) and 3-guanidinopropionic acid (Sigma) were obtained with
high purity (>97%).

Galegine hemisulfate was synthesized via the condensation reaction of a thiourea with the alkylamine using a procedure adapted from
Williams et al.* 2-methyl-2-thiopseudourea hemisulfate, 7 mmol, (Sigma) was added to 8 mmol 3-methyl-2-buten-1-amine (A2B Chem) in
5mL of water and stirred overnight at room temperature. The reaction produced precipitate which was dried on a porcelain plate and washed
with methanol. The solids were then recrystallized in methanol to produce galegine hemisulfate in high purity (>95%) as determined by NMR.
"H-NMR (DMSO-dé, 400 MHz) 3 (ppm) 1.62 (s, 3H), 1.68 (s, 3H), 3.64 (br, 2H), 5.16 (t, 1H), 7.62 (br, 4H), 8.46 (br, TH). "H-NMR experiments were
conducted using the Varian Unity Inova 400 MHz NMR system and VnmrQ 2.2 software.

Enzyme kinetics and inhibition

Agmatinase, arginase, guanidinopropionase and guanidinobutyrase activity was measured by tracking urea production using a fixed time-
point, colorimetric assay.”’ Enzyme assays were mainly done at room temperature in 100 mM HEPES-NaOH pH 7.5 with 2 mM MnCl; or
0.1 mM NiCl, for the Ni**-dependent CbAGM. Enzyme reactions with 25 ul volume, initiated by enzyme, were quenched with 75 plL of
the colorimetric acid reagent (120 puM FeCls, 10 mM phosphoric acid in 20% w/v H,SO,) and then to this mixture, 50 pL of the colorimetric
color reagent (62 mM 2,3-butanedione monoxime, 3.6 mM thiosemicarbazide in water) was added. The samples were then heated in a
PCR thermocycler for 15 min at 96°C, in capped tubes, to produce color. Samples were cooled to room temperature and then transferred
to 96-well flat-bottom microplates and diluted to 200 uL with deionized water. Using an Agilent BioTek Synergy HTX microplate reader,
the absorbance value at 520 nm was measured for all of the samples. Urea standards from 0 pM to 200 uM and no enzyme controls were
treated in the same way as the enzyme reactions to quantify urea concentrations and determine background levels. Enzyme assays done
at pH 6.5 or pH 8.5 were done in 100 mM MOPS-NaOH or 100 mM HEPES-NaOH, respectively.

Initial screening for metformin inhibition of ureohydrolase proteins involved measuring activity with 1 mM of the preferred substrate with or
without 50 mM metformin. Inhibition constants (K;) for were determined for the inhibitors by first obtaining the apparent Ky (Kp*°°) of agma-
tine in the presence of inhibitor. The activity of ECAGM and CbAGM was measured at multiple agmatine concentrations (0-50 mM) with or
without fixed inhibitor concentrations (0-50 mM) of metformin, phenformin, buformin and galegine. The measured Ky, Ky*°P for each inhib-
itor were then used to determine the K; using Equation 1, assuming purely competitive inhibition.

KWP = Kw (1 + %) (Equation 1)

Computational modeling and Bioinformatics

Docking metformin, buformin, phenformin and galegine into the active site of ECAGM was done using AutoDock Vina (Version 1.2.5) and
ligand restraints were obtained from the ZINC20 database (https://zinc.docking.org/, ZINC000012859773, ZINC000004097425,
ZINC000005851063, ZINC000000897460, respectively).”’*4¢? The protein receptor (PDB 7LOL) was prepared using AutoDockTools4 (Version
4.2.6) with polar hydrogens added, using default charges for standard residues and the partial charges for manganese ions were set to 0.580
according to Neves et al..**“® The docking was done using the AutoDock4 forcefield with default parameters except the exhaustiveness was
set to 100 and the ligand guanidinium torsions were set to rotatable. The AutoDock scores for the best binding mode when docking ECAGM
with metformin, buformin, phenformin and galegine were —6.7, —8.6, —4.9, and —6.0, respectively.

Bioinformatics

Ureohydrolase protein superfamily human gut homologs were mined from the Unified Human Gastrointestinal Protein (UHGP) v.2.0.1 catalog
(http://ftp.ebi.ac.uk/pub/databases/metagenomics/mgnify_genomes/human-gut/v2.0.1/) by first performing a protein BLAST search to
retrieve 10,000 sequences that are most similar to the protein sequence of E. coli agmatinase (EcAGM).”*>? A sequence similarity network
(SSN) was then generated from this set of sequence hits using the EFI-EST tool that performed pairwise BLAST comparisons on the
10,000 related sequences.®’ Cytoscape was used to visualize the clustering in the SSN and identify sequence clusters encoding unique func-
tions.®" The SSN also included protein sequences of experimentally characterized ureohydrolase enzymes with known function to help anno-
tate the hypothetical function of these clusters. Using this SSN, the cluster of sequences associated with ECAGM and the cluster associated
with CbAGM were extracted to identify the taxonomy of the gut microbes that contain an agmatinase related to ECAGM or CbAGM. See
Tables S3 and 54 for lists of ECAGM-like and CbAGM-like protein sequences with taxonomic information.

To understand the likely relative abundances of EcCAGM-like, and CbAGM:-like functions in the human gut microbiome, the 165 rRNA
profiling data from fecal samples of type-Il diabetes patients, taking metformin, as analyzed by Pryor et al. was used (https://data.
mendeley.com/datasets/crmtpmd622/1).%"7“74? The analysis consisted of mapping 165 rRNA reads from three separate cohort studies
(Danish,® Swedish®” and Spanish”) to 773 human gut microbial genomes used in the metabolic reconstruction tool AGORA (Assembly of
Gut Organisms through Reconstruction and Analysis).”” The mapped reads to microbial genomes were normalized to the total amount of
reads mapped in each sample to calculate % relative abundances. Microbes with genus and species that matched the organismal taxonomy
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of the protein sequences pertaining to ECAGM:-like, and CbAGM-like functions were put into separate bins. See Tables S5 and Sé for relative
abundances of microbes that encode an ECAGM-like or CbAGM-like agmatinase.

Enzyme kinetics of agmatine deiminase

Agmatine deiminase activity by AgDI was measured by following ammonia production using a spectrophotometric, coupled-enzyme assay.
Agmatine deiminase produces N-carbamoylputrescine and ammonia which the latter can be used with bovine liver L-glutamic acid dehydro-
genase (GDH) to reductively aminate 2-oxoglutarate to form L-glutamate, which causes NADH oxidation that can be measured by absor-
bance at 340 nm. For reactions, a 10X coupled enzyme assay master mix was prepared in 50 mM HEPES-NaOH pH 7.5 which had the following
components and final concentrations: 0.3 mM NADH disodium salt (Sigma), 5 mM 2-oxoglutarate sodium salt (Aldrich), 0.8 mM adenosine
diphosphate sodium salt (Sigma), 2.5 U/mL GDH from lyophilized powder (Sigma). The master mix was then diluted with buffer (150 mM
HEPES-NaOH pH 7.5) and purified AgDI enzyme into wells of 96-well flat-bottom microplates and the reaction was initiated by adding sub-
strate to make a total sample volume of 200 uL. The reactions were monitored, continuously, by absorbance at 340 nm using a microplate
reader and initial rates were recorded. Rates of NADH oxidation were calculated assuming a pathlength of 0.56 cm and a molar extinction
coefficient for NADH, at 340 nm, of 6220 M~"cm ™. Negative controls for the assays included no-enzyme and enzyme with no substrate that
resulted in an unchanging amount of NADH in the assay over time.

HPLC analysis for metformin transformation

Areversed-phase HPLC method to separate guanylurea from metformin was adapted from Lin et al. and detailed by Martinez-Vaz et al. which,
in brief, used a C18 column and an isocratic mobile phase of 75:25 (v/v) acetonitrile:10 mM potassium phosphate buffer pH 6.6.”"/? To deter-
mine if metformin could be transformed by enzymes ECAGM, CbAGM, GpuA, AGMAT, ARG1 and ARG2, 1 mM metformin was incubated with
10 pg of purified enzyme in 20 mM CHES pH 9 overnight and then assayed by HPLC. No transformation of metformin was seen for any of the
enzymes tested.
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