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Abstract

Metformin (1,1-dimethylbiguanide) is a wonder drug and a pervasive pollutant
which is taken by type-II diabetes patients and more recently for improving obesity and
cancer treatment outcomes. The drug’s direct mode of action is currently unknown but is
thought to be dependent on microbial reactions to the drug. Large therapeutic doses (1-2
grams daily) and the global use of metformin result in over 100 million kilograms of the
drug entering aquatic ecosystems each year. The biodegradation of metformin was known
in wastewater treatment plants to be transformed by microbes to guanylurea but, prior to
this work, no enzymes involved in the biodegradation had been identified. As a result of
this work, the metformin biodegradation pathway has been completely elucidated starting
with metformin hydrolysis to form dimethylamine and guanylurea by metformin
hydrolase (MfmAB). The guanylurea hydrolase (GuuH) was discovered, which degrades
guanylurea into guanidine, ammonia and carbon dioxide. Lastly, the enzyme CgdAB was
discovered that acts as a carboxyguanidine deiminase bacteria use to assimilate nitrogen
from guanidine. A secondary pathway of metformin biodegradation was also identified by
discovering a biguanidase (BguH) that degrades biguanide and 1-methylbiguanide to
form guanylurea, suggesting that metformin can also be demethylated by microbes.
These enzymes were characterized by kinetics, X-ray crystallography or computational
modelling, and bioinformatics. While the metabolism of metformin is now known in
wastewater ecosystems, metabolism in the human gut has not been established but may
contribute to the potency or therapeutic effect of the drug. Testing enzymes that are found
in human gut microbes, homologous to the metformin hydrolase, did not show activity on
metformin. However, a subset of these gut enzymes, from Gammaproteobacteria that
hydrolyze agmatine, was potently inhibited by metformin and the natural product
galegine, from which the drug was derived from. Agmatine is a known effector of human
host metabolism and has been reported to augment metformin’s therapeutic effects for
type-II 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.
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Chapter 1

Introduction

Metformin is the first-line therapeutic drug for type-II diabetes and a pervasive
pollutant of global waters. This exceptionally small molecule has treated hundreds of
millions people since its discovery in 1957 and, yet interestingly, its direct mechanism of
action is still unknown!!l. In addition, cohort studies have identified that metformin-
treated diabetes patients show healthier outcomes than non-metformin treated diabetes
patients in obesity, aging and cancer incidence and the future use of this drug could be
extended beyond type-II diabetes!?). The large daily dose of 1-2 grams, when ingested by
patients, is not metabolized in the liver, and is excreted in the urine, entering wastewater.
This amounts to more than 100 million kilos of metformin that is polluting the
environment every year and is pervasive as caffeine, a lifestyle molecule, in global

waters.

The mechanism of action for metformin has been under intense scrutiny for the
past couple of decades, yet a direct mode of action is still unclear. Recent studies point to
metformin’s interaction with human gut microbes for exerting therapeutic effects®!. A
study involving intravenous administration of metformin to type-II diabetes patients, that

mainly bypasses the human gut, showed little to no efficacy!®l.

The large metagenome sequencing effort of the gut microbiome in recent decades
has identified consistent trends in taxonomic and gene distributions that correlate with
metformin treatment which include increases in short-chain fatty acid (SCFA) producing
and mucin-degrading microbes 7], These well-established trends still have not been
connected to the therapeutic mechanism or side effects of the drug and remains unclear if

they are linked. Growth and biophysical studies of microbes with metformin have



observed negative effects in growth, chemotaxis and motility for E. coli but at
suprapharmacological levels of metformin (>20 mM) ). The estimated concentration of
metformin in the gut is between 1-10 mM and in the portal vein that enters the liver the

concentration of metformin has been measured to be much less between 10-40 uM
[5,10,11]

An important note of metformin therapy is that the drug is part of a class of
molecules called biguanides which include phenformin, buformin and the parent
compound galegine that is a natural product from the plant Galega officinalis!!!.
Phenformin and buformin are more potent drugs than metformin but were eventually
discontinued as metformin shows a superior safety profile. Fatal side effects of these
drugs are rare but is mainly caused by lactic acidosis!!?. A possible mechanism of this
side effect has been investigated in mitochondria of human cells which finds biguanides
to inhibit mitochondrial respiratory complex I and IV proteins!!'¥l. This has been
postulated to be a therapeutic mechanism where biguanides cause inefficient coupling of
respiration although this relies on the idea that the drugs can accumulate by many orders
of magnitude in liver cells which evidence has not been conclusive!>7]. Other drug targets
have been proposed for biguanide drugs but a key problem is some of these proposed

mechanisms are not shared by all of the biguanide drugs [!3-151,

Human gut microbes are important in regulating human health and they are also
known to modulate drug potency and side effects by gut drug metabolism in several
cases!!¢18], While metformin therapy is safe and effective there is a sizeable amount
(~20%) of type-II diabetes patients that are non-responsive to the drug and around 30%
of patients suffer from gastrointestinal symptoms!'**%], Gut drug metabolism could
activate, deactivate or toxify the drug substance and, since there is variability of gut
microbe composition from patient to patient, this may cause variable efficacy and

incidence of side effects for the drug. Studies that track the disposition of metformin



show complete recovery of metformin after intravenous administration but incomplete
recovery (~80%) after oral dosage, possibly due to partial, gut drug metabolism!'!!],
This possibly may be due to partial, gut-drug metabolism although a meta-study
concluded that metformin metabolism in humans is still equivocal [!%. There is evidence

for metformin metabolism to guanylurea in rats 2],

Microbial metabolism of metformin is known in wastewater treatment plants
(WWTPs) with some reports finding significant transformation (>80%)12*2%!. The
transformation is known to occur due to microbes in the activated sludge of WWTPs with
guanylurea found to be the main transformation product!?]. Prior studies have isolated
metformin-degrading Aminobacter strains from activated sludge where metformin could
be a sole carbon or nitrogen source and guanylurea as a fermentation product?®). Other
treatment methods have proven to be ineffective as metformin has poor affinity with
activated carbon and chlorination of metformin creates N-chloro species that have been
shown to be toxic to human cells?’°!. Thus, biodegradation of metformin by activated
sludge microbes is seen as a viable strategy for its removal, although the enzymes

involved in metformin metabolism had previously not been identified.
1.1 Motivation

If the enzymes that encode metformin metabolism in wastewater were known, the
enzymes could be used to augment wastewater treatment and in addition, be used as
markers to identify gut drug metabolism of metformin in patients. Identifying genes and
enzymes that mediate metformin metabolism could give insight on what metabolites are
generated and the microbes involved which may reveal more about metformin’s action in
the gut and possibly how its potency is modulated from patient to patient. Garnering
more insight on metformin’s action in the gut could identify potential improvements for

the therapeutic regimen like probiotics and supplements that could lower the therapeutic



dose of metformin of 1-2 grams daily by several fold. This could limit unnecessary off-

target effects of the drug that may be responsible for side effects.

While it is found that certain wastewater treatment plants can remove >80% of
metformin entering the plants, it may still be necessary to augment this process if
wastewater needs to be reused in a timely manner when freshwater sources are scarce.
Knowledge of the exact enzymes that degrade metformin could be used in engineering

applications to improve current removal rates.
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Figure 1.1: Garnering new insights into metformin action

1.2 Dissertation contributions

This dissertation aims to provide insight into metformin metabolism in nature and
its action in the human gut: the enzymes that are involved, their mechanisms and the

scope of the metabolism in the wastewater and human microbiomes. The genes that



encode enzymes used by microbes to completely mineralize metformin into ammonium
and carbon dioxide were discovered in this work and were characterized by kinetics,
structural analysis and bioinformatics. These gene signatures can now be used to identify
metformin metabolic capability of human or wastewater microbiomes which can be
important in water treatment and drug potency. The identification of the enzyme initiating
metformin metabolism that evolved from the ureohydrolase protein superfamily, also led
to the discovery that metformin can bind and potently inhibit ureohydrolase proteins in
gut microbiota. This last finding may be very important in revealing the direct
mechanism of action for metformin in the gut and may lead to significant discoveries in

improving metformin therapy.
1.3 Dissertation outline

The remainder of this dissertation is organized as follows.

e Chapter 2 goes into a guanidine mineralization pathway and the discovery of a
carboxyguanidine deiminase (CgdAB) using bioinformatics and structure
modelling.

e Chapter 3 describes the discovery of a guanylurea hydrolase (GuuH) from a
Pseudomonas mendocina strain GU using enzyme kinetics and bioinformatics.

e Chapter 4 unveils the discovery of a Ni**-dependent metformin hydrolase,
MfmAB, characterized by enzyme kinetics and crystallography.

e Chapter 5 presents the discovery of a biguanide hydrolase BguH in Pseudomonas
mendocina sp. MET-2 detailing enzyme kinetics.

e Chapter 6 reveals a potential inhibition mechanism by metformin on human gut
microbes of type-II diabetes patients taking metformin.

e Chapter 7 delivers concluding remarks and potential future directions that could

be taken which builds on the findings from this dissertation.



Chapter 2

Solving the conundrum: widespread proteins
annotated for urea metabolism 1n bacteria are
carboxyguanidine deiminases mediating nitrogen
assimilation from guanidine

Adapted with permission from N.O. Schneider, L.J. Tassoulas, D. Zeng, A.J. Laseke, N.J.
Reiter, L.P. Wackett and M. St. Maurice. Solving the Conundrum: Widespread Proteins
Annotated for Urea Metabolism in Bacteria Are Carboxyguanidine Deiminases
Mediating Nitrogen Assimilation from Guanidine. Biochemistry, 59:3258—-3270, 2020.
Copyright 2020 American Chemical Society

2.1 Introduction

A subset of fungi and bacteria use the enzyme urea amidolyase (UAL) as an
alternative to urease in catalyzing urea decomposition (Figure 2.1)*%*!1, UAL is a
multifunctional, biotin-dependent enzyme that catalyzes the ATP-dependent
carboxylation of urea to allophanate (N-carboxyurea) and the subsequent hydrolysis of
allophanate into ammonia and carbon dioxide!*?). The complete activity of UAL is
composed of three distinct reactions divided over two enzymatic components: urea
carboxylase (UC; E.C. 6.3.4.6) and allophanate hydrolase (AtzF; E.C. 3.5.1.54). UC first
catalyzes the carboxylation of a covalently tethered biotin cofactor from bicarbonate in
the biotin carboxylase domain, with the concomitant cleavage of ATP, and then catalyzes
a carboxyl group transfer from carboxybiotin to urea in the carboxyltransferase domain,
generating allophanate. Allophanate subsequently diffuses to the active site of AtzF,

where it is hydrolyzed to ammonia and COz. The enzyme activities for UC and AtzF are



encoded on separate but proximally related genes in bacteria, while, in most fungi, the
two genes are fused to encode a multifunctional UAL, with the N-terminal AtzF
connected by a short linker to the C-terminal UC3-33], UC and AtzF display a close
evolutionary and functional association. It has been suggested that UC and AtzF
coevolved in bacteria and, following horizontal gene transfer, subsequently fused into a

single UAL gene in fungil®!l,

Table 2.1: Substrate specificity of urea carboxylases (UC) and urea amidolyases (UAL)

Enzyme Substrate  keat (s))  Kum (mM) kea/Km (M!s!)  Reference
P, syringae urea 1.4 4.9 2.8x10° Schneider
uC guanidine 2.3 0.21 1.1x10* et al*®

o) urea 5.2 5.2 1.1x10° Nelson et
sagaranensis ~ guanidine 7.4 0.19 4.0x10* al®”]

UuC

K. lactis UAL urea 14.0 0.26 5.5x10° Zhao et all*®]
C. albicans urea 2.6 0.27 9.5x10* Schneider
UAL guanidine n.d n.d 7.5 et al*®

S. cerevisiae  urea 1.4 0.40 3.3x10% Schneider
UAL guanidine n.d n.d 1.9 et al*®

n.d — not determined; P. syringae — Pseudomonas syringae; O. sagaranensis —
Oleomonas sagaranensis; K. lactis — Kluyveromyces lactis; C. albicans — Candida
albicans; S. cerevisiae — Saccharomyces cerevisiae

Interestingly, in many bacteria, there are several additional genes of unknown
function located in proximity to the genes encoding UC and AtzF, arranged in the context
of an operon. This operon includes a likely ABC transporter and two proteins of unknown
function, designated “urea amidolyase associated proteins (UAAP)”3?] UAAP 1 and 2
are both members of a Pfam Domain of Unknown Function known as DUF1989.
Curiously, the enzymatic function of UAL is redundant with the enzyme urease and there

are many bacteria that contain both[3!:4041

1. This redundancy raises some interesting
questions. Why would the biotin cofactor-dependent, ATP-consuming activity of UAL be
required (or evolutionarily retained) when the activity of the broadly distributed urease

accomplishes, in a single thermodynamically favorable reaction, the identical task? The
7



decomposition of urea by urease does not require the input of energy, nor must it
overcome any challenges of intermediate channeling between multiple, distinct active
sites. It has been postulated that, for a subset of fungi, replacing urease with UAL serves

11301 However, urease is

to free the organism from the costly demands of regulating nicke
broadly distributed in the bacterial*?!, and bacteria require transition metals like nickel
and cobalt that are otherwise dispensable in the higher fungi!*!. Thus, for the many
bacteria that encode UC and AtzF, transition metal regulation does not offer a satisfying

explanation for the UC-AtzF/urease redundancy.

An alternative explanation emerged recently, when it was determined that
bacterial UC and AtzF are typically under the control of a guanidine riboswitch and that
UC displays a strong substrate preference for guanidine over urea (Table 2.1)1*7). This
observation led to the proposal that the primary function of UC and AtzF in bacteria is
not to act on urea but rather to participate in the sequential decomposition of guanidine to
NH3 and COz. This hypothesis offered an explanation for the broad distribution and
functional redundancy of UC enzymes and raised the potential that guanidine serves as a

relevant nitrogen source for bacteria.

In Schneider et al, using enzymes from Pseudomonas syringae, the hypothesis
was that UC and AtzF act on guanidine and demonstrate that these two enzymes alone are
insufficient to catalyze the decomposition of guanidine!*®!. It then became clear that the
proteins annotated as urea amidolyase associated proteins, UAAP1 and UAAP2, are
subunits of a heteromeric carboxyguanidine deiminase (CgdAB), and it was
demonstrated that the combined activities of UC, AtzF, and CgdAB serve to decompose
guanidine to NHs (Figure 2.1)P¢). The foundational experiments in Schneider et al were
conceptualized based on a bioinformatic analysis of the CgdAB proteins detailed here

and is incorporated in the publication. In addition, structural and phylogenetic analysis



was done for urea carboxylase and urea amidolyase to propose a structural determinant

for their respective substrate specificities on guanidine and urea.

A guanidinium urea urea
X X
HaN" “NH, HaN™ NH, 5 HaN™ NH,
urea ATP+HCO;  urea ATP+HCO, H,0
carboxylase carboxylase urease
(uc) ADP+P,  (UC) ADP+P, (UreABC)I np,
carboxyguanidine allophanate carbamate
©ONH, j\ H,0 NH, )OJ\ )oj\ j)\
o © O
HN™ "N™ "0 carboxygun. HaN" N™ O HaN" O
deiminase H,0 allophanate spont.
(CgdAB) hydrolase
this study NHs (AtzF)
carboxycarbamate NH, + CO,

spont. o 0
NH;+2CO, g o\ Ao
H

B guanidine-I
riboswitch ( ykkc) Pseudomonas syringae
30% seq id. (nuc. acc. id. AE016853.1)
UAAP1 UAAP2 AAO57699.1
- ABC - 565 )) TR W)
43% seq. id.
Kluyveromyces lactis
(nuc. acc. id. CR382125.1) urea amidolyase (UAL)
CAG99404.1

Figure 2.1: Guanidine and urea biodegradation in P. syringae and K. lactis

(A) Biodegradation pathways for guanidine and urea. Guanidine is first carboxylated by
carboxybiotin bound to urea carboxylase (UC) in a ATP-dependent reaction to form
carboxyguanidine. This is then hydrolyzed by carboxyguanidine deiminase (CgdAB), or
frequently annotated as urea amidolyase associated proteins 1 and 2 (UAAP1/2), to form
allophanate which is then broken down by allophanate hydrolase (AtzF). Urea can be
broken down via UC and AtzF or urease to be completely mineralized. (B) Genomic
contexts of guanidine and urea degrading operons in P. syringae and K. lactis,
respectively. The guanidine degrading genes uca, cgdAB and atzF are co-located on the
genome of P. syringae along with a set of ABC transporters. The expression of the genes
is controlled by a guanidine-I riboswitch just upstream of the cgdA gene. In Pseudomonas
syringae and most bacteria, UC and AtzF are encoded as separate genes while in fungi,
these two enzymes are fused together and described as a urea amidolyase (UAL). The UC
domain of UAL from K. lactis (KIUAL) shares 43% amino acid sequence identity with
the P. syringae UC (PsUC).



2.2  Methods

CgdA and CgdB sequences were mined from the RefSeq genome database by first
generating a sequence similarity network (SSN) using the EFI-EST tool to perform
pairwise BLAST comparisons on 10,000 related sequences'**!. Cytoscape was used to
visualize the clustering in the SSN and identify the clusters containing CgdA and CgdB
sequences!*. This process resulted in a total of 2400 sequences from the NCBI RefSeq
database and ~7000 sequences when combined with the EMBL-EBI database. To
annotate gene contexts properly, Hidden Markov Models (HMM) were built for CgdA,
CgdB as well as frequently cooccurring TetR protein and ykkC riboswitch using the
software HMMER v 3.1b2 [, A GitHub repository containing the HMMs used in the
study can be accessed with the link at https://github.com/Itassoulas/CgdAB. Additional
HMMs from the TIGRFAMSs database (J. Craig Venter Institute) were used to annotate
UC (TIGR02712), AtzF (TIGR02713) and urea carboxylase associated transport proteins
(TIGR0327, TIGR03428)!*7]. These models were then used with the tool RODEO (Rapid
ORF Description & Evaluation Online) to analyze the gene contexts of 2400 CgdB

RefSeq sequences within a + 8 gene window!*8,

2.3 Results

Carboxyguanidine Deiminase Is a Member of a Large, Uncharacterized

Metalloenzyme Superfamily.

The o and B subunits of Cgd from P. syringae (PsCgdA and PsCgdB) show 30%
amino acid sequence identity to each other and each is homologous to members of the
Pfam Domains of Unknown Function (DUF) protein family known as DUF1989 (Figure
2.1). As of August 2020, there were 14,726 members of DUF1989, of which 54.5% are
indicated from this study to be CgdAB enzymes. In genome annotations, they have been

denoted as urea amidolyase-associated, or UAAP1 and UAAP2, reflecting their genomic
10



association and the absence of a demonstrated function. In all instances that we have
examined, the two genes encoding these proteins are adjacent, consistent with our finding
that they interact to form a monofunctional heteromeric enzyme. The cgdA and cgdB
genes are found in the kingdom Bacteria, most commonly in the phylum Proteobacteria,
but are also found in the phyla Nitrospirae, Actinobacteria, Planctobacteria, Firmicutes,
and Verrucomicrobia.

Figure 2.2: Carboxyguanidine

deiminase within the DUF1989
Family:

(1%) 70 »

&
S
M?::?Z; ’ .-..,:g 123 (A) Sequence Similarity Network of
2003 ; g _ ! the DUF1989 family with over
o seq. “%, co-occurs with
2 . ¥ 2., Yacl/YcgG 12,800 sequences were clustered
using the EFI-EST using a cutoff E-
value of 43. CgdA/B sequences
comprise more than half of the
recorded sequences of DUF1989
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The number of genes distributed across diverse bacteria and the observation that
sequence divergence matches taxonomic divergence both suggest that CgdAB is an
ancient member of the DUF1989 protein family. The DUF1989 family, while not
previously characterized functionally, has two members for which X-ray structures have
been determined (PDB 30ORU, 3DI4) (Figure 2.2). In all instances that we have
examined, the two genes encoding these proteins are adjacent, consistent with our finding
that they interact to form a monofunctional heteromeric enzyme. The cgdA and cgdB
genes are found in the kingdom Bacteria, most commonly in the phylum Proteobacteria,
but are also found in the phyla Nitrospirae, Actinobacteria, Planctobacteria, Firmicutes,
and Verrucomicrobia. The number of genes distributed across diverse bacteria and the
observation that sequence divergence matches taxonomic divergence both suggest that
CgdAB is an ancient member of the DUF1989 protein family. The DUF1989 family,
while not previously characterized functionally, has two members for which X-ray
structures have been determined (PDB 30RU, 3DI4) (Figure 2.2). The Sequence
Similarity Network (SSN) indicates that these two structurally defined proteins are not
Cgd proteins, which is also indicated by completely different gene neighborhoods than
cgdAB. The deposited structures both reveal a metal coordinated by cysteine ligands and
a proximal aspartate (Figure 2.2B). These residues are conserved in CgdB, but not in
CgdA and suggest a role in activating water for substrate hydrolysis. Evaluating the gene
neighborhoods of other clusters of DUF1989 sequences suggests that another 10% of
DUF1989 sequences could be involved in metabolism of guanidinium containing
compounds (e.g., arginine, creatine, agmatine). Other notable clusters of DUF1989
sequences have an aminomethyltransferase (AMT) fusion with a DUF1989 domain
(8.5% of sequences, e.g., NCBI WP_067612148.1) and another cluster (5%) has a co-
occurring Yqcl/YcgG protein of unknown function, which has a suggested role in
processing nonproteinogenic arginine-based natural products by nonribosomal peptide

synthetases (e.g., NCBI WP _056147698.1)141,
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Figure 2.3: Co-occurrences with CgdB in Genomes: Gene contexts within a £8 gene
window around 1200 CgdB sequences from RefSeq genomes were counted for the genes
and the guanidine-I-riboswitch above using HMMs. Since ABC transporters are multi
component, the count was scaled down to the average number of ABC transporter genes
per CgdB observed (n=3).

Evaluating the gene contexts of cgdB sequences within an eight gene window
indicates that >96% colocalize with the UC gene and more than two-thirds colocalize
with an AtzF gene (Figure 2.3). Thus, this gene cluster encodes all of the necessary genes
for a bacterium to decompose guanidine and urea to ammonia (Figure 2.1A). Two-thirds
of cgdAB genes have a guanidine-I-riboswitch upstream while another 22% and 15%
have regulatory elements corresponding to uncharacterized TetR and NikR family
regulatory proteins, respectively, that may also be guanidine sensitive (ex. NCBI
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WP_114699518.1, WP_012288442.1). Transport genes are also co-occurring; 71% of
cgdB sequences co-occur with ABC transport cassette genes and 19% with a passive
transport permease gene. All genes encoding CgdAB proteins identified here have
neighboring genes identified as UC which are likely, instead, guanidine carboxylase
genes. However, not all annotated bacterial UCs are genetically linked to CgdAB
proteins. In bacteria, 76% of the carboxylases are CgdAB-linked and hence are likely

guanidine carboxylases, while the remaining 24% are independent of Cgd proteins.

Given that finding, we examined guanidine carboxylase/urea carboxylase
sequence signatures for markers that might differentiate between carboxylases evolved
for preferential reactivity in carboxylating guanidine versus urea. The crystal structure of
the UC domain from the fungal K. lactis UAL (PDB 3VA7) was used to optimally align
sequences. All primary shell, active site residues are conserved across fungal UALs and
bacterials UCs with the exception of one residue: a residue corresponding to N1330 in K.
lactis UAL is conserved in fungal UALSs and in ~25% of bacterial UCs (Figure 2.4A).
The remaining ~75% of bacterial UCs show an aspartate residue in the same position.
The dichotomy at this position correlates strongly with the presence or absence of cgdAB
genes. Ninety-seven percent of recorded UC genes encoding an aspartate residue at this
position had cgdA4B in the gene neighborhood, while less than one percent of UC genes
encoding an asparagine residue had nearby cgdAB genes (Figure 2.4B). This correlation
suggests that the aspartate or asparagine tracks with preferential activity versus guanidine

or urea, respectively.
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A

K. lactis UAL
PDB 3VA7 (2.6A)
P. syringae UC

homology model
(44% seq. identity)

Asn/Asp
0.28/0.72 /
4

Variant % Co-occurrence of UC genes
with cgdB in genomes
UC Total (Asp + Asn) 70% (1160 of 1661 seq.)
Asp variant (e.g. PsUC D705) 97% (1156 of 1188 seq.)
Asn variant (e.g. K.lactis UAL N1330) 0.8% (4 of 473 seq.)

Figure 2.4: Potential Structural Determinant of Substrate Specificity in urea carboxylase:
(A) Active site overlay of fungal UAL from Kluyveromyces lactis (PDB 3VA7) and a
homology model of PsUC. Active site residues are highly conserved across fungal and
bacterial UCs except for one residue position that is predominantly an aspartate in
bacteria or an asparagine residue in fungi and some bacteria. (B) Strong correlation
between N1330/D705 in UC and Co-occurrence of CgdB sequences in genomes. UC
sequences from the RefSeq database were separated into two groups, one with the N1330
variant and the other with the D705 variant. The gene contexts within a £8 gene window
were evaluated around the two groups of UCs to look for co-occurrence of CgdB. As a
result, UCs with the N1330 variant had very little co-occurrence with CGDs in genomes
(<1%) while UCs with the D705 variant are almost ubiquitous with CGDs (>97%).
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2.4 Discussion

The broad distribution of CgdAB among bacteria, spanning ~6000 current
examples, suggests that metabolic or environmentally derived guanidine has long been a
relevant factor, greatly predating its occurrence from anthropogenic chemicals that have

entered global soils and water (Figure 2.2).

While the mechanistic details for CgdAB remain unexplored, there is strong
evidence suggesting that CgdAB is a metalloenzyme distinct from both arginase and
arginine deiminase. Arginine deiminase, along with other arginine degrading deiminases,
uses a Cys catalytic triad (Cys-His-Glu/Asp) to catalyze a double displacement
mechanism through an S-alkylthiouronium covalent intermediatel*®!. Arginase,
meanwhile, acts as an amidinohydrolase that employs a dinuclear metal center to activate
water for nucleophilic attack!®!l. The two deposited structures of Cgd homologues of
unknown function in the PDB (3DI4 and 30RU) show a trio of conserved Cys-residues
chelating a central Zn**, and these Cys residues are conserved in CgdB (Figure 2.2).
While further investigation is warranted, metal ion assisted nucleophilic attack of water
by CgdAB may be similar to that of cytidine deaminase and adenosine deaminase, which
both use a Zn** bound water for nucleophilic attack and a conserved aspartate or

t1°21, Despite the potential similarities in

glutamate as a general acid/base catalys
mechanism, there is no apparent structural homology between CgdAB and either

adenosine deaminase or cytidine deaminase.

The combined activities of UC, CgdAB and AtzF in the decomposition of
guanidine correlate with their tight gene clustering in the majority of bacteria for which
the UC gene is present. Our analysis reveals that ~70% of all genes for UC cluster with
cgdAB. Consequently, these UC enzymes are likely to have a strong substrate preference
for guanidine, as was observed for P. syringae UC and for O. sagaranensis UC (Table

2.1)1*6-381 This subset of enzymes should appropriately be renamed as guanidine
16



carboxylases, in accordance with prior recommendations®”. However, we caution against
universally reassigning all currently annotated UC enzymes to guanidine carboxylase.
Approximately 25% of genes encoding UC, including all of the fungal UAL enzymes, do
not cluster with cgdAB and display an almost perfect correlation with a single Asp to Asn
amino acid change in the carboxyltransferase active site, exemplified by Asn 1330 of K.
lactis UAL (Figure 2.4). X-ray crystallography of P. syringae UC would be beneficial in
seeing if there are significant differences in the secondary structure its active site

compared to the K. /actis UAL crystal structure, that may dictate substrate specificity.
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Chapter 3

Filling in the gaps in metformin biodegradation: a
new enzyme and a metabolic pathway for guanylurea

Reprinted with permission from L.J. Tassoulas, A. Robinson, B. Martinez-Vaz, K.G.
Aukema and L.P. Wackett. Filling in the Gaps in Metformin Biodegradation: a New
Enzyme and a Metabolic Pathway for Guanylurea. Applied and Environmental
Microbiology, 87(11): €03003-20, 2021. Copyright 2021 American Society for
Microbiology

3.1 Introduction

Guanylurea (carbamylguanidine) is one of the most widespread water
contaminants, originating and accumulating from metformin, a first-line globally
important drug®**¥, Metformin is widely prescribed as a treatment for type 2 diabetes
and has even heightened significance in light of its observed anti-inflammatory,

2,25,55,56

anticancer, and antiaging effects! 1. Most recently, metformin has been associated

with reduced mortality in COVID-19 patients suffering from preexisting conditions such
as diabetes and obesity>’]. Those studies also showed that human drug-metabolizing
enzymes do not transform metformin, the drug is largely excreted unchanged, and
microbes in wastewater treatment plants and aquatic environments transform it to

guanylurea.

Guanylurea has been widely labeled as a recalcitrant “dead-end” product of

[58,59

metformin in numerous wastewater treatment systems'>*>?!. Guanylurea forms, and has

been detected in, wastewater treatment plant effluent and coastal waters around the

23,25,60,61

globe! 1. Metformin and guanylurea have been reported in surface waters at levels

of micrograms per liter, which is extremely high for a pharmaceutical contaminant!?*2],
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Metformin was detected in European surface waters at levels of up to 3 mg/L, with
guanylurea concentrations exceeding those of metformin by an order of magnitude or
morel®-6%1, Tt is also relevant that metformin and guanylurea are charged molecules that
bind poorly to granulated activated carbon, the worldwide standard treatment for
removing pharmaceuticals, which are largely hydrophobic molecules?*-%%). In that
context, biodegradation is even more crucial for their removal. The levels of these
compounds entering municipal wastewater treatment are likely to increase due to
metformin’s broadening pharmacological efficacy, its widespread use, projected increases
in the rates of obesity and diabetes, and the emerging new uses for the compound®*¢%/,
There is also evidence that metformin and guanylurea may impact some aquatic

species!%$768] In light of these different impacts, guanylurea is considered in many

countries to be one of the most prominent emerging water pollutants[¢®!.

While microbial metabolism of metformin is considered to be the major source of
guanylurea, it can also derive from other anthropogenic and natural sources. Guanylurea
may also accumulate from the microbial degradation of cyanoguanidine

el’71 Derivatives of guanylurea are

(dicyanodiamide), a common fertilizer additiv
utilized in the manufacture of flame retardants as well as propellants for energetic
compounds and munitions!’>73). Natural products containing the guanylurea moiety have
been identified in the red alga Gymnogongrus flabelliformis. These compounds include
the novel amino acid gigartinine and a guanylureido acid named gongrine!’* 7%, which

are proposed to play a role in nitrogen metabolism!’”! and may contribute to faster spring

growth for certain marine plants!’®),

Given the prevalent use of metformin and frequent detection of guanylurea in
aquatic environments, research on the microbial degradation of these compounds is
essential to develop biotechnological applications for bioremediation and wastewater

treatment. Several studies have recently investigated the biodegradation of metformin and

19



58611 In one study

guanylurea by microbial communities isolated from activated sludge!
not involving metformin, the disappearance of guanylurea was shown to be accompanied
by the appearance of guanidine as measured by high-performance liquid chromatography
(HPLC) analyses, suggesting guanidine as a potential transformation product!’?. These
studies examined the microbial breakdown of guanylurea but did not define metabolic
pathways or the genes and enzymes mediating breakdown. The present study describes
the biodegradation of guanylurea by a Pseudomonas mendocina bacterium isolated, by
enrichment, from a wastewater treatment plant. This bacterium utilized guanylurea as a
nitrogen source for growth. Genome sequencing and bioinformatic analyses led to the
identification of genes involved in the biodegradation of ureide and guanidinium
compounds. A new member of the isochorismatase-like hydrolase protein family was
shown to catalyze the conversion of guanylurea to guanidine, and the enzyme was
characterized physically and kinetically. A mineralization pathway to ammonia and
carbon dioxide was demonstrated. Insights obtained here may now be used with

wastewater metagenome data to predict the intrinsic capacity for guanylurea

biodegradation.
3.2 Methods

Enrichment cultures and isolation of guanylurea-degrading bacteria

The bacterial Pseudomonas mendocina strain GU was isolated from a sample of
activated sludge collected at the metropolitan wastewater treatment plant in Saint Paul,
MN. Isolation was achieved by enrichment culture with citrate-acetate medium and 1 g of
sludge per 50 mL of minimal medium as the inoculum. The minimal medium contained
the following per liter of deionized water: 5.45 g potassium phosphate diabasic, 0.2 g
magnesium sulfate heptahydrate, 0.1 g sodium chloride, 1.5 g sodium acetate, and 4.7 g
sodium citrate!’””). Guanylurea (1 mM) was then added as the sole nitrogen source.

Enrichments and isolates were grown at 30°C in a shaking incubator at 200 to 225 rpm.
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Cultures were transferred in 10-fold dilutions into fresh medium every 7 days. Individual
isolates were obtained by plating 10-fold serial dilutions of the enrichments on selective
guanylurea plates, transferred to Luria-Bertani (LB) plates, and then isolated by streaking

on LB and minimal medium plus guanylurea plates until pure.
Growth studies

Growth studies were conducted in triplicates in citrate-acetate medium containing
1 mM each of their respective nitrogen source: guanylurea, biuret, guanidine, urea, or
metformin. Nitrogen-free citrate-acetate medium served as a negative control. Citrate-
acetate medium containing 6 mM ammonium chloride (NH4Cl) served as a positive
control. Cell growth was monitored spectrophotometrically at 600 nm initially at 12-hr to
24-hr intervals. Cultures with short lag phases were monitored every 4 to 6 hrs. DNA
extraction and PCR testing for taxonomic identification. Genomic DNA was purified
utilizing a Qiagen DNeasy blood and tissue kit (Qiagen, Valencia, CA) and Promega
Wizard genomic DNA purification kit (Promega, Madison, WI). PCR amplification for
taxonomic identification of bacterial strains was performed with universal 16S primers,
530F (59-GTGCCAGCMGCCGCGG-39) and 1492R (59-
GGTTACCTTGTTACGACTT-39), using Q5 high-fidelity polymerase (New England
BioLabs, Ipswich, MA). Amplification of the 1.4-kb DNA 16S rRNA fragment was
achieved using the following conditions: 98°C for 2min, and then 35 cycles consisting of
95°C for 1 min, 60°C for 30 sec, and 72°C for 1 min; a final extension of the PCR
product was performed at 72°C for 5 min. All PCRs were carried out using a
concentration of 0.5 mM for each primer. Amplification products were purified using the
QIAquick DNA extraction kit and sequenced (Functional Biosciences, WI, USA) to
determine the identity of the microbial isolate. HPLC analysis. HPLC testing was
conducted with a Waters IC-Pak anion HC column, 4.6 by 150 mm. Isocratic mobile

phase consisted of a 5 mM KPOs buffer at pH 8.0, and the flow rate was 0.5 mL/min.
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Eluents were monitored at 194 nm. Standards were in 125 mM KPOu4 buffer, pH 8.0.
Spent medium was analyzed by HPLC after cells were grown in citrate-acetate medium
containing 1 mM guanylurea for 24 hrs. Cells were centrifuged at 3,000xg for 15 min,
and supernatant was then collected and filter sterilized through a 0.2 um filter. Controls
included sterilized N-free medium and 1 mM guanylurea solution. Enzyme was prepared
at a concentration of Img/mL in 125 mM KPOs buffer, pH 8.0, with 1 mM guanylurea.
Samples were incubated either overnight at room temperature or for 30 min and boiled

for 2 min to inactivate enzyme.
Genome sequencing and analysis

Total genomic DNA from microbial isolates was sequenced using a Roche GS
454 FLX system and standard LR 70 chemistry. [llumina Nextera XT library preparation
and sequencing (on a MiSeq with V3 chemistry and 300-bp paired-end reads) services
were provided by the University of Minnesota Biomedical Genomics Center (BMGC,
Saint Paul, MN, USA). Adaptors and low-quality bases were trimmed from raw reads
with Trimmomatic v 0.36!”. De novo assembly was performed using SPAdes v
3.13.018Y, Initial genome annotation was performed with Prokka v 1.12(%), Sequence
similarity networks were made using the Enzyme Function Initiative-Enzyme Similarity
Tool (EFI-EST) retrieving 10,000 sequences related to GuuH**). The network was
visualized in Cytoscape, and the clusters of guanylurea hydrolase, biuret hydrolase, and

triuret hydrolase were identified as presented in Figure 3.5,

Protein expression and chromatography

The putative GuuH gene (NCBI accession no. MBF8163004.1) was codon
optimized for E. coli and synthesized by Integrated DNA Technologies (Coralville, 1A).
The gene was cloned into a pET28b vector with Gibson assembly (New England
BioLabs) using Ndel and HindIII restriction sites with an N-terminal 6xHis tag and
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transformed into BL21-DE3 E. coli cells (New England BioLabs). Site-directed mutants
of the biuret hydrolase from Herbaspirillum sp. BH-1 (NCBI accession no. PLY61274.1)
and guuH were made using the Q5 site-directed mutagenesis kit from New England
BioLabs. The guuH gene was expressed by growing cells in lysogeny broth (LB) medium
with 50 mg/mL kanamycin at 37°C and 200 rpm to an ODsoo of 0.6 in a shake flask. The
culture was cooled to 14°C and induced with 1 mM isopropyl b-D-1-
thiogalactopyranoside (IPTG) and, with the same agitation, incubated for 20 hrs. Induced
cells were harvested at 4,000xg and resuspended in lysis buffer (20 mM sodium
phosphate, 200 mM NaCl, pH 7.4). Cells were lysed with three passes in a French press
at 10,000 psi. The cells were centrifuged for 90 min at 19,000%g, and the supernatant was
passed through 0.2 um filter prior to loading into a GE Life Sciences AKTA fast liquid
protein chromatography (FPLC) system for injection onto a GE Life Sciences HisTrap
HP 5-ml column. After washing to limit nonspecific protein binding, GuuH was eluted
with a linear gradient from 0.1 M to 0.25 M imidazole in lysis buffer over 10 column
volumes with flow rate set at 2 mL/min, and fractions were collected. To determine the
oligomeric state of GuuH, gel filtration was performed using a GE Healthcare HilLoad
16/600 Superdex 200-pg column. The column was equilibrated with 50 mM Tris, 200
mM sodium chloride at pH 8, and the sample was injected onto the column and washed
with 1 column volume at 1 mL/min flow rate, with GuuH eluted as a homotetramer at

~96 kDa.
Enzyme assays

Enzyme activity was measured by detection of ammonia release using the
Berthelot reaction as previously described 3. Experiments were performed at room
temperature in 125 mM sodium phosphate dibasic buffer at pH 8. Specific activity at
25°C was determined at the pH optimum for the enzyme using the appropriate buffer

(acetate, pH 5.5 to 6.5; phosphate, pH 7.0 to 8.0; borate, pH 8.5 to 10.5) with 1 mM
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guanylurea. CgdAB from Pseudomonas syringae, a heterodimeric enzyme (NCBI
accession no. WP_005764729.1 and WP_005764727.1, respectively), and allophanate
hydrolase from Pseudomonas sp. strain ADP (NCBI accession no. WP_011117193.1)
were employed in coupled enzyme assays to determine if carboxyguanidine is formed
during GuuH hydrolysis of guanylureal®®. The CgdAB protein was a gift from Martin St.
Maurice of Marquette University, and it was shown to be active in a coupled assay with
guanidine carboxylase with guanidine as the substrate. Enzyme kinetic assays were
performed in a 125 mM sodium phosphate dibasic buffer solution, pH 8, with 1 mM
guanylurea as the substrate. To initiate the reaction, GuuH was added to a final assay
concentration of 0.27 mg/mL. CgdAB was added to a final assay concentration of 15.6
mg/mL and AtzF protein to a final concentration of 7.38 mg/mL. Ammonia release was
measured utilizing the Berthelot assay!®*l. The assay was measured in a Beckman Coulter

DU 640 UV-visible (UV-Vis) spectrophotometer.

A coupled enzyme assay to determine stoichiometries of the guanylurea and
ammonium liberated utilized GuuH, AtzF, and CgdAB proteins. The reactions were
performed overnight in a solution containing 50 mM guanylurea in 125 mM sodium
phosphate, pH 8. Enzyme concentrations were 60 mg/mL GuuH, 15.6 mg/mL CgdAB,
and 7.38 mg/mL AtzF. Reaction mixtures were incubated at 20°C overnight, and
stoichiometries were determined by ammonia release utilizing the Berthelot reaction as

described previously.
Data availability

Genome sequences for Pseudomonas mendocina strain GU are available in
GenBank at BioProject accession PRINA675777 or BioSample accession
SAMN16722328.
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3.3 Results

Enrichment and isolation of a pure culture growing on guanylurea

Activated sludge from the Saint Paul, MN, municipal wastewater treatment plant
was used as a source of bacteria for enrichment on guanylurea as the sole nitrogen source.
After the first five transfers, guanylurea utilization was indicated by a significant increase
in optical density in liquid culture and appearance of individual colonies on agar plates
containing LB or guanylurea minimal medium. Subsequent transfers and plating of
individual colonies led to the isolation of a pure culture with guanylurea-degrading
capability as demonstrated by HPLC. No guanylurea was detected in the spent growth
medium of the cultures after 24 hrs of incubation. Control media which were not
inoculated did not exhibit significant guanylurea disappearance (less than 5%). The 16S
rRNA sequence analysis identified the bacterium as a Pseudomonas mendocina, and it
was designated here as strain GU. Pseudomonas mendocina strain GU was able to utilize
guanidine, agmatine, and urea as sole sources of nitrogen for growth, using citrate and
acetate as carbon sources (Supp. Table A.1). The doubling time with guanylurea was 44
min. Doubling times with other nitrogen-rich compounds analogous to guanylurea ranged
from 66 to 92 min: agmatine (66 min), guanidine (81 min), and urea (92 min). No growth
was observed when biuret, metformin, or cyanoguanidine was used as the sole nitrogen

source.
Genome sequencing and analysis of P. mendocina strain GU

The strain was subjected to Illumina sequencing with 36-fold coverage. The P
mendocina strain GU genome showed a high degree of gene sequence relatedness (Supp.
Table A.2) and synteny (Supp. Fig. A.1) with P. mendocina ymp, which was isolated from

[84

Yucca Mountain hazardous waste repository ¥4, Properties of the two genomes are

compared in Table 3.1. Overall, the two genomes shared 98% average nucleotide
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sequence identity, and 77.6% of the predicted proteins in the genome of P. mendocina
strain GU shared >95% sequence identity to proteins present in the genome of strain ymp
(Table S1). The major difference was the presence of an additional 665 coding sequences
in strain GU (12.4% of the genome). Taken together, only 10% of the shared proteins
were less than 95% identical.

Table 3.1: Comparison of general genome properties of Pseudomonas mendocina ymp
and Pseudomonas mendocina strain GU

General sequencing and Pseudomonas Pseudomonas
genome property mendocina ymp mendocina strain GU
Genome coverage (fold) 14 36

Size (Mb) 5.0 5.7

G+C content (%) 64.7 64.3

No. of protein-coding genes 4,704 5,378

Coding regions (% genome)  90.8 91.5

Avg ORF? size (bp) 980 975

¢ P mendocina ymp was sequenced by the Joint Genome Institute and strain GU was
sequenced as part of the present study.

> ORF, open reading frame.

Identification and purification of a guanylurea-degrading enzyme

Guanylurea degradation genes or enzymes had not previously been identified. In
light of this, the genome sequence of P. mendocina strain GU was mined for the presence
of genes that might encode enzyme classes that act on the guanidine or urea functional
groups that, in combination, compose guanylurea. Genes encoding enzymes annotated to
be active with the guanidinium compounds arginine and agmatine were identified but,

based on the flanking genes, were thought not to be relevant to guanylurea. The organism
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has genes encoding an active urease, but urease was previously tested for activity with
guanylurea and shown to be inactive!®). A gene encoding a protein annotated from
BLAST comparisons as “cysteine hydrolase” and “nicotinamidase” was analyzed in more
detail. The translated amino acid sequence showed 48% sequence identity to a biuret
hydrolase (BiuH) from Rhizobium leguminosarum that had been characterized
functionally'®®!. We noted that biuret is structurally analogous to guanylurea, having only
an oxygen replacing one of the guanylurea guanidinium nitrogen atoms (Figures 3.1A
and 3.1B). In this context, a synthetic gene encoding the biuret hydrolase homolog (NCBI
accession no. MBF8163004.1) was obtained and expressed in Escherichia coli, and the
His-tagged enzyme was purified in one step to homogeneity via a Ni-NTA affinity
column. Incubation of the purified enzyme with guanylurea produced 1 mol of ammonia
per mol of guanylurea, identifying this enzyme to be capable of degrading guanylurea.

No redox cofactors or oxygen was required, indicating that the enzyme was a guanylurea

hydrolase.
A O O
2N)J\NJJ\NH2
Biuret
o
)L A, St o
NH, NH,
Guanylurea Ammonia Carbamate

C NH S NH \ O O Q o)
=
HZNJJ\N)kNHQ NHz)LN// CHg)J\H/LLNHQ E)J\NH

1 H
2-Iminothiobiuret Dicyandiamide Acetylurea Phenylurea

Figure 3.1: Compounds and reaction in Chapter 3
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Characterization of the guanylurea hydrolase enzyme

It was important to examine the kinetics and substrate specificity of the enzyme
described above to determine if this enzyme was competent to support significant
guanylurea degradation and if that was the major native activity. The purified enzyme
was active over a pH range of 5.5 to 8.5, with highest specific activity at pH 8.0. At the
pH optimum, the specific activity of purified guanylurea hydrolase with saturating
guanylurea was 13 pumol per min per mg GuuH (Table 3.2). The kcaKm was higher (3-
fold) than for the average enzyme (~1x10° M 's™!) with its cognate substrate, as compiled
from a study of thousands of enzymes by Davidi and coworkers!®”). The enzyme showed
minimal activity on biuret, with 0.06% the specific activity measured on guanylurea.
Moreover, no activity (0.01 pmol per min per mg) was detected with acetylurea,
dicyandiamide, phenylurea, nitroguanidine, and 2-imino-thiobiuret (Figure 3.1C). These
data indicate that the major biological function of the enzyme studied here is to release

ammonia from guanylurea, allowing P. mendocina strain GU to grow on guanylurea.

Table 3.2: Biochemical and molecular properties of guanylurea hydrolase

Property Experimental determination

Subunit mol wt 24.8 kDa

Subunit structure o4

Calculated pl 5.5

pH optimum 8.0

Sp act 13 pmol/min/mg
Keat 525!

Km 16 uM

Keat/Km 33x10°M st
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Elucidating the guanylurea hydrolase reaction product

In addition to ammonia, guanidine was stably produced in incubations with
guanylurea hydrolase and guanylurea. This could arise from hydrolytic cleavage of the
terminal urea C-N bond or the subterminal N-C bond (Figure 3.1B). The former cleavage
reaction would produce ammonia and carboxyguanidine, which readily decarboxylates,
forming stable guanidine. The subterminal bond cleavage would produce guanidine
directly, along with carbamate. Carbamate at neutral pH in water has a half-life of 70
ms!®8), rapidly converting to carbon dioxide and ammonia. So, both reactions produce
ammonia and guanidine rapidly from unstable intermediates. However, it is now possible
to “observe” carboxyguanidine because an enzyme that rapidly converts it to allophanate
and ammonia was recently discovered®®.. In that previous study, guanidine carboxylase
produced highly unstable carboxyguanidine that was rapidly hydrolyzed into a more
stable compound, allophanate, via carboxyguanidine deiminase (CgdAB). Allophanate
hydrolase was used to convert allophanate to ammonia and carbon dioxide. Here, an
analogous experiment was performed by adding the enzymes CgdAB and allophanate
hydrolase to GuuH reactions. If carboxyguanidine was formed, the additional enzymes
would release an additional three equivalents of ammonia. If guanidine and carbamate
were formed, no additional ammonia would be released. None of the enzymes have

activity with guanidine.

In two separate experiments, carried out as described in the Materials and
Methods, no increase in ammonia was observed in kinetic (short-term incubations) or
stoichiometric (long-term incubations) experiments, indicating that guanidine is produced
directly. In these experiments, an up to 40-fold excess of coupling enzymes were added,
which would have released additional ammonia from carboxyguanidine, if that had been

produced by GuuH.
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Gene regions of the P. mendocina strain GU genome related to guanylurea

mineralization

With the observation that guanidine and carbamate are the likely products of the
GuuH enzyme, and carbamate that decays spontaneously liberates one ammonia
molecule, further ammonia release would require enzymes implicated in guanidine
degradation. Guanidine metabolism has only recently been elucidated, and special
identifying features of the genes were reported®®). That information was used to aid in
bioinformatic analysis of predicted protein-encoding regions in the P. mendocina strain

GU genome (Figure 3.2).

First, the guanylurea hydrolase gene (guuH), identified in this study, did not
appear to be contiguous to genes encoding enzymes involved in related metabolism that
we could discern (Figure 3.2A). The only identifiable surrounding genes were ABC
transporters of unknown function. A gene region likely to be involved in guanidine
metabolism was localized ~400 genes distant (Figure 3.2B). The large gene clearly
encodes an enzyme including the biotin-binding domain and other regions diagnostic for
carboxylases!®!. The carboxylase is further identified as a guanidine-metabolizing
enzyme by a specific active region demarcated in a previous study®*’!. Guanidine
carboxylases contain an aspartic acid residue in the active site at a position typically
occupied by asparagine in fungal and bacterial urea carboxylases*®!, and the protein here
contained that diagnostic aspartate. Even stronger evidence is provided by cooccurrence
of the cgdAB genes next to our annotated guanidine carboxylase (Figure 3.2B). The
cgdAB genes are present in ~7,000 bacterial genomes, and 96% of the time, they
colocalize with a guanidine carboxylase!*®!. The CgdA and CgdB proteins were shown
previously to form a complex and to transform the product of guanidine carboxylase,
carboxyguanidine, to allophanate. Lastly, guanidine metabolism gene expression was

shown to be regulated by guanidine riboswitches®”), and these are found directly
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upstream of the enzyme-encoding genes just described (Figure 3.2B). Another gene
region (genes 300 to 302) in the P. mendocina strain GU genome encoded an allophanate
hydrolase, an adjacent urea carboxylase, and a regulatory protein, respectively (Figure
3.2C). The carboxylase protein encoded by gene 301 contained an asparagine instead of
aspartate at its active site, a feature consistent with a preference for urea as the substrate
undergoing carboxylation®¢l. Urea carboxylation produces allophanate, and allophanate
hydrolase can degrade that to ammonia and carbon dioxide. In the presence of
guanylurea, the five genes highlighted in red in Figure 3.2 encode four proteins (CgdA
and CgdB function as one protein) that constitute a complete pathway for guanylurea that

can liberate all four nitrogen atoms as ammonia (Figure 3.2D).

ABC substrate
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Figure 3.2: Gene regions identified in P. mendocina strain GU and biodegradative
pathway

(A) Genes 3481 to 3487; (B) genes 3879 to 3882; (C) genes 300 to 302. (D) Metabolic
pathway via enzyme reactions and NH3 stoichiometry.
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In addition to the genomics and bioinformatic inferences described above, there is
direct experimental data consistent with the pathway shown in Figure 3.2D. First, P
mendocina strain GU grows readily on guanidine as a sole nitrogen source. Only one
metabolic pathway for guanidine is currently known and that proceeds as shown in
Figure 3.2, via guanidine carboxylase, CgdAB, and allophanate hydrolase!*®), for which
genes are present in P. mendocina strain GU. To further test the pathway shown in Figure
3.2D experimentally, we carried out ammonia stoichiometry experiments. If all of the
relevant genes shown in Figure 3.2 are expressed, it is predicted that 4 equivalents of
ammonia would be produced for each guanylurea molecule consumed. To test this
hypothesis, parallel cultures of P. mendocina strain GU were grown with limiting
amounts of nitrogen, and then cell densities were determined when growth ceased. As
shown in Figure 3.3, the growth on 1 mol of guanylurea, containing four nitrogen atom
equivalents, was the same as with 4 mol of ammonium ion. For example, separate growth
cultures containing 1.92 mM ammonium chloride or 0.48 mM guanylurea each grew to
an optical density at 600 nm (ODsoo) of 0.8. Both contained the same number of nitrogen
atoms, equivalent to 1.92 mM ammonia. These data are consistent with guanylurea being
completely mineralized to release all the nitrogen atoms contained within the compound.
One can draw out a chemically plausible pathway in which guanylurea undergoes a direct
deamination reaction to produce biuret, but biuret was negative as a growth substrate and
metabolism producing biuret would only yield one nitrogen equivalent, not four as was

observed.

Guanylurea hydrolase is a new member of the isochorismatase hydrolase-like protein

family

A query of the Pfam database with the GuuH amino acid sequence gave a match
to the isochorismatase hydrolase-like (IHL) protein family (PF00857.20) with an E-value

of 7.1E-242. GuuH consists of 231 amino acids and matched extensively over amino
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acids 26 to 217 with biuret hydrolase (BiuH) and triuret hydrolase (TrtA) (Figure 3.4).
IHL proteins are sometimes denoted as cysteine hydrolases, and GuuH contains a
cysteine, C171, that aligns with a cysteine in BiuH and TrtA and found in a highly

conserved region (Figure 3.4A).
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Figure 3.3: Nitrogen growth comparison by setting molar amounts of nitrogen in
ammonium chloride equivalent to guanylurea

X-ray structures have been determined for biuret!®” and triuret hydrolases®!!, and
those studies have revealed the cysteine aligning with C171 in GuuH acts as a
nucleophile to catalyze initial bond cleavage. The resulting acyl enzyme intermediate
further undergoes hydrolysis to complete the reaction. Those structural and mechanistic
studies have also revealed that the biuret and triuret hydrolase active sites both contain a
D-K-C catalytic triad, of which all the residues reside in GuuH in alignment and in highly
conserved regions of the protein overall (Figure 3.4A). One notable difference in the
sequences was with a glutamine residue that helps bind substrate in biuret and triuret
hydrolases and that was replaced with a glutamate in GuuH, as illustrated in Figure 3.4B.
X-ray structures for biuret and triuret hydrolases reveal that the glutamine residue

hydrogen bonds to the substrate amide group distal to the one reacting at the active site
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9091 'The change to an aligning glutamate, Glu221, in GuuH is logical,

cysteine!
chemically, as the negatively charged glutamate would be expected to bind
electrostatically to the positively charged guanidinium group, thus aligning the
guanylurea substrate in a similar manner as biuret and triuret hydrolases align their
substrates. This suggests that the glutamine-to-glutamate change is key for differentiating

GuuH enzymes from biuret and triuret hydrolases.
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Figure 3.4: Sequence alignment and structural comparisons of guanylurea hydrolase
(GuuH) with biuret hydrolase (BiuH) and triuret hydrolase (TrtA)

(A) Sequence alignment was made using NCBI COBALT alignment tool with the BiuH
(PLY61274.1) and TrtA (PLY61272.1) sequences from Herbaspirillum BH-1. (B and C)
Key amino acid positions differentiating guanylurea (E211) and biuret (Q215)
hydrolases, derived from PDB structure 6AZQ. Homology model of GuuH made with
BiuH as a template (48% sequence identity). The C170S variant of BiuH is catalytically
dead, which allows for cocrystals with biuret.

To test this hypothesis, we mutated the glutamine residue in the biuret hydrolase
from Herbaspirillum sp. strain BH-1 (GIn212) that corresponds to Glu221 of GuuH and
replaced the residue with a glutamate residue. The resulting enzyme, BiuH Q212E,
showed nearly 2 orders of magnitude diminished activity with biuret compared to that of

the wild type, and guanylurea hydrolysis became the dominating function of the enzyme,
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with 40% higher activity with guanylurea than with biuret (Supp. Table A.3). The wild-
type biuret hydrolase showed no detectable activity with guanylurea (Supp. Table A.3).
This result demonstrated that a single point mutation can convert a biuret hydrolase to an
enzyme significantly active with guanylurea. Triuret hydrolases have a larger active site,
and the glutamine residue is significantly further away from the catalytic cysteine than in
GuuH and biuret hydrolases®!!. These different properties also allow discrimination
between the closely related GuuH enzymes, biuret hydrolases, and triuret hydrolases

(Figure 3.5).

H,N N N NH,
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Figure 3.5: Sequence similarity network (SSN) of 3,700 sequences of [HL proteins
determined or predicted to degrade triuret, biuret, or guanylurea

There are >1,900 sequences ranging in identity from 45% to 100%. SSN built using EFI-
EST with a cutoff of E265 and visualized with Cytoscape.

The defining signatures that identified biuret, triuret, and guanylurea hydrolases
(Figure 3.4) were used with sequence similarity network (SSN) analysis to look broadly
at the interrelationships of the three homologous enzymes with closely aligning

sequences pulled from GenBank. The SSN analysis showed the GuuH enzymes to be
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more closely related to the biuret hydrolases, consistent with the similar sizes of the
substrates and their ready interconversion (Figure 3.5). The observation that there were
several separated lobes of GuuH sequences in the SSN may suggest that different
sequence clusters of GuuH enzymes arose independently from biuret hydrolases,
consistent with our observation of a single point mutation changing activities. Guanylurea
may largely derive from metformin and the fertilizer additive cyanoguanidine, both
which are only recently in the environment, perhaps suggesting a recent evolutionary

origin of at least some GuuHs.
2.4 Discussion

There is increasing focus on the occurrence of human pharmaceuticals in surface
and wastewaters, and metformin is often at or near the top of the list with respect to the
number of source detections and levels®?l. Metformin has a moderate half-life of 5 to 10

93] However,

days in river simulation studies, with variation related to microbial diversity
because of metformin’s extremely high usage, with 70 million prescriptions annually and
gram quantities per daily dose, the compound is continuously introduced into surface
waters and wastewater treatment plants. For many anthropogenic chemicals in the
environment, levels of stable microbial degradation products often exceed those of the

parent compound, and this is almost invariably the case with metformin4l.

Guanylurea has long been identified as a relatively persistent and high-level
transformation product of metformin[?*-*!l, The persistent high levels of guanylurea have
led to it being labeled as a “dead-end” product of metformin. While there have been

23.25611 "this report identifies specific genes,

reports of guanylurea biodegradation!
enzymes, and a metabolic pathway mediating its metabolism. In the present study, we
isolated a bacterium from a wastewater treatment plant that degrades guanylurea to meet
its nitrogen needs, sequenced the genome, identified and purified a new guanylurea-

hydrolyzing enzyme, elucidated a metabolic pathway for guanylurea mineralization, and
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identified the evolutionary origins and connectivity of the guanylurea hydrolase to
homologous enzymes in the IHL protein family, a part of the cysteine hydrolase

superfamily.

As of 9 November 2020, in recorded genomes from NCBI and EMBL databases,
GuuH is encoded in less than 0.5% of genomes. The potential rare occurrence of GuuH in
the environment and the gene regulation in guanylurea metabolism may play a role in the
accumulation of guanylurea in certain environments. Guanidine metabolic genes
encoding guanidine carboxylase and carboxyguanidine deiminase can be turned on by a
guanidine-sensing riboswitch, which is present in P. mendocina strain GU, but there has
been no insight into a suppression mechanism of these genes in the presence of guanidine
that could be coordinated by broader nitrogen or carbon metabolism, for example*”!. The
entire regulation of guanylurea metabolic genes, which are encoded in three separate
regions of the genome, is complex and will be examined in detail in a future study. The
results presented here have utility in at least two distinct areas. The first is in
environmental studies, specifically, where the fates of metformin, cyanoguanidine!®, and
guanylurea are being examined. The results here present a roadmap for identifying
specific bacteria, genes, and metabolic enzymes that would be present in a particular
environment of interest. For example, wastewater metagenomic data®®! may now be
culled to look for the presence of these genetic capacities. The second outgrowth of the
data would be in medical studies. Metformin prescription rates are expected to rise given
its efficacy for treating type 2 diabetes, obesity, and now, perhaps, COVID-197],
Metformin is not known to be metabolized by human drug-metabolizing enzymes, but it
is known to impact the bacteria in human intestines’). Indeed, several studies indicate
that the human gut microbiome plays a significant role in modulating metformin’s
therapeutic effects, but the mechanisms of that modulation are currently obscure®®. In
light of the overlapping environmental and medical implications, the metabolism of

metformin, which largely appears to occur via guanylurea, has heightened importance. It
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is intriguing to consider that new GuuH enzymes may be arising in recent evolutionary
time to handle new anthropogenic chemical inputs from the expanding usage of
metformin. Biuret and triuret hydrolases appear to be ancient enzymes that have diverged
with the taxonomy of the bacteria that harbor them®). Triuret hydrolases have diverged
significantly from biuret hydrolases, a phenomenon clearly indicated by the visual
separation on the sequence similarity network shown in Figure 3.5. In contrast, the
enzymes identified by sequence signatures as GuuH are interspersed and emerging from
several regions of the biuret hydrolase enzyme cluster, as shown in Figure 3.5. One
explanation for this would be that GuuH activities have arisen multiple times from biuret
hydrolase precursors. Given that a single mutation can impart significant guanylurea
hydrolase activity upon a biuret hydrolase, it is plausible that recent evolution is

occurring in different global waters as metformin input increases.

There are other precedents for recent evolution of biodegradative enzymes in
response to new anthropogenic environmental inputs. For example, trans-3-chloroacrylate
dehalogenase from Pseudomonas cichorii 170 that degrades the nematicide 1,3-
dichloropropene was thought to have arisen in recent evolutionary times from 4-

100,101] * A gimilar observation has been made with

oxalocrotonate tautomerase!
anthropogenic s-triazine compounds, such as the herbicide atrazine, in which atrazine
chlorohydrolases arose independently from divergent members of the amidohydrolase
protein superfamily!!%!%31, Moreover, the fate of anthropogenic chemicals and their
metabolites in the environment has been observed to change in recent times as the result
of microbial enzyme evolution!'*. Given that GuuH enzymes can readily arise from a
biuret hydrolase via simple mutation(s), and the increasing environmental prevalence of

compounds giving rise to guanylurea, we expect that guanylurea will increasingly lose its

designation as a “dead-end” metabolite.

38



Chapter 4

Di-nickel enzyme evolved to metabolize the
pharmaceutical metformin: Impacts for wastewater

and human microbiomes

Chapter prepared for submission to Proceedings of the National Academy of Sciences

4.1 Introduction

Metformin is the first-line therapeutic drug for type-II diabetes and one of the
most prescribed drugs in the world with over 250 million daily prescriptions. The large
daily dose of 1-2 grams, when ingested by patients, is not metabolized in the liver, and is
excreted in the urine and enters wastewater. This amounts to more than 100 million kg of
metformin entering the environment each year, and is nearly as pervasive as caffeine in
global waters [**1%]_ In addition, metformin has been identified, more recently, to have
anti-obesity, anti-aging and anti-tumor properties and the future use of this drug could be
extended beyond type-II diabetes [?1. The mechanism of action for metformin has been
under intense scrutiny for the past couple of decades but a direct mode of action is still
unclear. Recent studies point to metformin’s interaction with human gut microbes for

[3-57], A study involving intravenous administration of

exerting therapeutic effects
metformin to type-II diabetes patients, that mainly bypasses the human gut, showed little

to no efficacy [¢1.

Human gut microbes are important in regulating human health and they are also
known to modulate drug potency and side effects by gut drug metabolism in several cases

[16-18] "Studies that track the disposition of metformin show complete recovery of
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metformin after intravenous administration but incomplete recovery (~80%) after oral
dosage ('], This possibly may be due to partial, gut-drug metabolism although a meta-
study concluded that metformin metabolism in humans is still equivocal 1%, There is

(22] Identifying genes and

evidence for metformin metabolism to guanylurea in rats
enzymes that mediate metformin metabolism could give insight on what metabolites are

possibly generated and the genes involved in the gut.

Microbial metabolism of metformin is known in wastewater treatment plants
(WWTPs) with some reports finding significant transformation (>80%) -2, The
transformation is known to occur due to microbes in the activated sludge of WWTPs with
guanylurea found to be the main transformation product >%1%_Chronic exposure of
environmentally relevant concentrations of metformin and guanylurea is known to be
toxic to zebrafish, affecting reproduction, larvae survival and neurobehavior 1971981,
Other water treatment methods to remove metformin have proven to be ineffective as
metformin has poor affinity with activated carbon and chlorination of metformin creates
N-chloro species that have been shown to be toxic to human cells ?’?°!, Thus,
biodegradation of metformin by activated sludge microbes is seen as a viable strategy for

its removal, although the enzyme initiating its metabolism had previously not been

studied.

In recent years, several microbes have been isolated from activated sludge that
can utilize metformin as a carbon or nitrogen source for growth and their genomes have

[26,109-112] ' gminobacter isolates have been shown to break down

been sequenced
metformin, utilizing the dimethylamine fragment and exporting guanylurea via a drug
transporter [1°!1% 'We reported on the isolation of a Pseudomonas species that could
utilize guanylurea as the sole nitrogen source and discovered the guanlyurea hydrolase
(GuuH) that deaminates guanylurea to form guanidine [''3]. The same species also

possessed the genes to break down guanidine completely via guanidine carboxylase,
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carboxyguanidine deiminase (CgdAB) and allophanate hydrolase [**). More recently, we
reported on another Pseudomonas species isolate that could mineralize metformin
completely and revealed, by comparative genomics with metformin-degrading
Aminobacter genomes, a small set of identical genes that were shared '%°!. In this small
set of genes, two distinctively encoded proteins homologous to arginase and agmatinase,

substrates that distantly resemble the structure of metformin.

Here we report that these two genes, mfmA4 and mfmB, encode a metal-dependent
metformin hydrolase (MfmAB) and characterize its kinetics, substrate specificity, X-ray
structure and find the genes to be widespread globally in wastewater treatment plants and

perhaps in human gut microbiomes.
4.2 Methods

Cloning, expression and purification of MfmAB

The metforminase genes, mfinA and mfmB from Pseudomonas mendocina sp.
MET-2 (NCBI accessions WP_254300333.1 and WP_254300332.1, respectively) were
codon-optimized and cloned into Escherichia coli BL21 DE3 cells (New England
Biolabs) using a pETDuet vector derivative with kanamycin resistance. The mfmA gene
was cloned with a C-terminal Tobacco Etch Virus (TEV) protease cleavage site followed
by a 6x His-tag and inserted, by Gibson assembly, into the first multiple cloning site
(MCST1) using the Ncol and HindIII restriction sites. The mfmB gene was inserted into the
second multiple cloning site (MCS2) using the Ndel and Xhol restriction sites. Site-
directed mutants were made using the Q5 Site Directed Mutagenesis Kit from New
England Biolabs. The mfmAB genes were expressed by growing cells in terrific broth
(TB) medium supplemented with 0.5 mM NiSOs and 50 pg/mL kanamycin at 37°C and
200 rpm to an ODeoo of 0.6 in a shake flask. The culture was cooled to 16°C and induced
with 1 mM isopropyl B-D-1-thiogalactopyranoside (IPTG) and, with the same agitation,

41



incubated for 20 hours. Cell pellets were harvested by centrifugation at 1,500 x g for 20
min and then 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 then clarified by centrifugation at 20,000 x g for one hour.
Metforminase was 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, MfmAB was purified after running an imidazole
gradient from 50 mM to 500 mM and fractions collected. The expression yield for
MfmAB was 16 mg per liter culture. Pooled fractions from the FPLC were buffer
exchanged into storage buffer (20 mM HEPES-NaOH, 200 mM NacCl pH 8) using a 15-
mL Amicon 10 kDa centrifugal filter. The His-tag of purified MfmAB was cleaved by
adding 1 mg TEV protease in a dilute protein solution between 5-10 mg/mL MfmAB and
the cleavage reaction was placed on a rotator at 4°C overnight. The reaction was
concentrated to 2 mL and cleaved MfmAB was purified by size exclusion
chromatography using the AKTA FPLC and a GE Healthcare HiLoad 16/600 Superdex
200 pg column. The column was equilibrated with storage buffer, the sample was injected
onto the column, and washed with 1 column volume at 1 mL per min flow rate. MfmAB
eluted as a heterotrimer with an apparent molecular weight of ~120 kDa and the
preparation was then subsequently used in crystallization experiments (data not shown).
For metal reconstitution experiments, MfmAB enzyme was stripped of metal by
incubating the enzyme with 1 mM 1,10-phenanthroline, 2.5 mM EDTA in storage buffer
for 1 hour before buffer exchanging the stripped enzyme into storage buffer using size

exclusion chromatography as described before.
Enzyme activation and kinetics

Rates of substrate hydrolysis by MfmAB were determined by a

spectrophotometric, coupled-enzyme assay or by an HPLC method. Prior to enzyme
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kinetic assays, MfmAB was pre-incubated with 1 mM NiCl: in storage buffer on ice for
two hours to allow for complete activation of the enzyme. The coupled-enzyme assay
included coupling of enzymes guanylurea hydrolase (GuuH) from Pseudomonas
mendocina sp. MET-1 and bovine liver 1-Glutamic dehydrogenase (GDH) with MfmAB
to measure NADH oxidation that was proportional to guanylurea release from MfmAB
(Supp. Fig. A.6). Guanylurea hydrolysis, via GuuH, generates guanidinium and ammonia
which the latter can be used in reductive amination of 2-oxoglutarate to form l-glutamate,
causing NADH oxidation that can be measured by absorbance at 340 nm. For reactions, a
10X coupled enzyme assay master mix was prepared in 50mM HEPES-NaOH pH 8
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) and 0.3 mg/mL
purified GuuH. Methods for expression and purification of GuuH are detailed by
Martinez-Vaz et al '%1, The master mix was then diluted with buffer and purified
MfmAB enzyme into wells of 96-well flat-bottom microplates and the reaction was
initiated by adding substrate to make a total sample volume of 200 pL. The reactions
were monitored, continuously, by absorbance at 340 nm using an Agilent BioTek Synergy
HTX microplate reader and initial rates were recorded. Rates of NADH oxidation were
calculated using the molar extinction coefficient for NADH, at 340 nm, of 6220 M'cm™!
and the pathlength of the assay volume (200 pL) in the microplates, 0.56 cm. MfmAB
enzyme concentrations used in the assay were between 0.01 pg/mL and 12 pg/mL to
measure substrate hydrolysis with the rate being linearly dependent to enzyme
concentration in this range (Supp. Fig. A.6). Negative controls for the assays included no-
enzyme and enzyme with no substrate that were used to measure background oxidation of
NADH in the assay over time. Glycerol and Tris were found to inhibit MfmAB and were

not used in enzyme kinetic assays. Guanylurea release was determined to be
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stoichiometric to NADH oxidation and this was validated by an HPLC method that could

separate and quantify metformin and guanylurea (Supp. Fig. A.6).

A reversed-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 19114 Kinetics were determined by incubating MfmAB with
metformin in buffer and aliquots were quenched with 75% (v/v) acetonitrile to take fixed
time point measurements of the reaction. Quenched samples were injected onto the
HPLC and using standard curves, the concentrations of metformin and guanylurea were
determined, based on peak area at their respective Amax, 234 nm and 220 nm, respectively.
Rates of metformin consumption and guanylurea formation were determined using this
HPLC method and were similar to the coupled-enzyme assay (Supp. Fig. A.6). One unit
of activity (U) was defined as one micromole substrate per minute at the enzyme's pH

optimum at 25°C.
Substrates and NMR spectroscopy

Metformin hydrochloride (Cayman Chemical), guanylurea phosphate (TCI
Chemicals), dimethylamine hydrochloride (Acros), buformin hydrochloride (Enamine),
phenformin hydrochloride (Cayman Chemical), biguanide hydrochloride (Synthonix), 1-
methylbiguanide sulfate (Alfa), 1,1-dimethylguanidine hydrochloride (Aldrich), 1-
methylguanidine hydrochloride (Aldrich), L-arginine hydrochloride (Acros), agmatine
sulfate (Fluka), 4-guanidinobutyric acid (Fluka) and creatine hydrate (Sigma) were
obtained with high purity (>97%). '"H-NMR experiments were conducted in water with
20% D20 using the Varian Unity Inova 400 MHz NMR system and VnmrQ 2.2 software.
Sodium 3-(trimethylsilyl)-propionate-2,2,3,3-D4 salt (Cambridge Isotope Laboratories)

was used as a reference standard.
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Crystallization of MfmAB and structure elucidation

Initial crystallization conditions were found from the sparse matrix screen PACT
Premier HT (Molecular Dimensions) using sitting drops containing 14 mg/mL MfmAB
and reservoir solutions. Crystals grew from the following condition, 0.2 M NaNOs, 0.1 M
bis-tris propane, 20% (w/v) PEG3350. Optimization of MfmAB crystals was done by
vapor diffusion in 24-well hanging drop crystallization plates. Crystal growth was
sensitive to changes to the relative humidity and to prevent condensation, the air was
purged from the wells with compressed nitrogen prior to sealing each well. Crystals grew
in a range of conditions at 18°C with 0.2 M NaNO3 between 12-16% (w/v) PEG 3350
and 0.1 M bis-tris propane pH 7.5-8.5 in drops of 1 pL of protein (5-10 mg/mL) with 1 or
2 uL of precipitant. Crystals appeared after one day and were harvested by looping them
into cryoprotectant (mother solution containing 25% (v/v) ethylene glycol) and frozen in

liquid nitrogen.

Diffraction data was collected using the Advanced Photon Source (Argonne,
Illinois, USA) with various beamlines (Supp. Table A.6). Data was processed using XDS
(Build January 26, 2018) and molecular replacement, refinement was done using Molrep
and Refmac within CCP4 (Version 7.0) and Coot (v0.8.9)!'">""%]. For molecular
replacement, two separate models from the AlphaFold database were used (both 93% seq.
id.), AOA2SOXPN7 and A0A316GGXO0, to model MfmA and MfmB, respectively!'??!,
The molecular replacement of the MfmAB complex proceeded by first placing monomers
of MfmB into the asymmetric unit followed by deleting the monomers that poorly fit the
electron density map upon inspection. The resulting solution was used as a fixed model to
place monomers of MfmA, by molecular replacement, which was again inspected and,
after a few more iterations, produced the final model that contained multiple copies of the

MfmAB complex.
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Computational modelling and Bioinformatics

Docking metformin into the active site of MfmA was done using AutoDock Vina
(Version 1.2.5) and ligand restraints were obtained from the ZINC20 database
(ZINC12859773, https://zinc.docking.org/)121122], The protein receptor was prepared

using AutoDockTools4 (Version 4.2.6) with polar hydrogens added, using default charges
for standard residues and the partial charges for nickel ions were set to 0.660 according to
Sindhikara et all'?*'241, 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 top 10 binding modes shared an AutoDock score of
—5.3 and the third-best binding mode is shown in Figures 3D and 3E. Homologous
MfmA and MfmB sequences were mined from the NCBI and EMBL databases by first
generating a sequence similarity network (SSN) using the EFI-EST tool that performed
pairwise BLAST comparisons on 10,000 related sequences**!. Cytoscape was used to
visualize the clustering in the SSN and identify the clusters containing MfmA and MfmB

sequences'*’],

Metal content analysis of MfmAB using ICP-OES

A sample of 10 mg of MfmAB was buffer exchanged into 20 mM HEPES-NaOH
pH 8 using a centrifugal filter and digested overnight with 5% (v/v) nitric acid (trace
metals grade, Sigma). The digested sample was heated to 95°C for one hour and then the
sample was clarified by centrifugation and the supernatant was collected and sent for
analysis. A blank sample was prepared by using the flow-through from the centrifugal
filter after buffer exchange and following the same procedure. Samples were sent to the
Research Analytical Laboratory at the University of Minnesota for analysis using an iCap
7600 Duo ICP-OES Analyzer for inductively coupled plasma-optical emission
spectroscopy (ICP-OES).
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4.3 Results

Discovery of a metformin hydrolase, MfmAB, that hydrolyzes metformin to guanylurea

and dimethylamine

The metformin hydrolase genes, mfin4 and mfmB, tested in this study came from
Pseudomonas mendocina sp. MET-2, isolated from activated sludge of the Metropolitan
Wastewater Treatment Plant in Saint Paul, Minnesota, United States '), Metformin
hydrolase, MfmAB, is a complex of MfmA and MfmB proteins that are homologous to
each other (34% sequence identity, seq. id.) and related to proteins from the
ureohydrolase superfamily (Figure 4.1). The MfmAB genes appear, putatively, in an
operon with putative nickel delivery proteins (HypB, HypA), a putative nickel importer
(Urel), and a putative metformin transporter (CodB) (Figure 4.1A). The MfmAB operon
is also present and highly conserved (>97% amino acid seq. id.) in five other
Pseudomonas and Aminobacter species that can grow on metformin and isolated from
activated sludge across three continents (Supp. Fig. A.2). The Pseudomonas strains have
been characterized to utilize metformin as a sole nitrogen source while the Aminobacter

[109-112] ‘The heterologous

strains can utilize metformin as a carbon and nitrogen source
expression of MfmA or MfmB individually in E. coli showed no activity on metformin in
lysates. Only when the two proteins were co-expressed was activity present, as
determined by a decrease in metformin and concomitant appearance of guanylurea via
HPLC (Figure 4.1B). In expression studies, MfmA does not produce soluble protein
when expressed singly although individually expressed MfmB produces soluble protein
(Supp. Fig. A.3A). Repeated attempts to obtain soluble MfmA protein were not
successful. Thus, the strategy developed to purify the MfmAB complex was fusing
MfmA to a C-terminal 6xHis-tag, allowing the copurification of MfmB with MfmA. Two

bands of protein were seen on a denaturing polyacrylamide gel at ~41 kDa and 38 kDa

corresponding to His-tagged MfmA and MfmB, respectively (Figure 4.1C). The protein
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gel band for MfmB was consistently denser than the band for MfmA, suggesting that the
stoichiometry of the heterotrimer is 2:1 MfmB:MfmA. By gel filtration, the purified
complex elutes with an apparent molecular weight of 179 & 3 kDa (n=3) compared to a
series of standards (Supp. Fig. A.13). This is considerably larger than the calculated mass
of the heterotrimer of 117 kDa. Based on the crystallization model (vide infra), we
conclude that the heterotrimer is the authentic structure in solution. We suspect the
complex has a larger hydrodynamic volume than its size would suggest due to two axes
being longer than the third. The effect of hydrodynamic volume on apparent molecular
weight of proteins has been previously noted '%]. It was demonstrated that MfmAB
could transform metformin to guanylurea, suggesting that dimethylamine was the second
product of the reaction. Using '"H NMR, the transformation of metformin with MfmAB
was monitored by following the chemical shift of the methyl hydrogens on the
dimethylamine moiety (Figure 4.1D). This chemical shift moved upfield, from 3.06 to
2.73 ppm, upon adding MfmAB to metformin, the latter chemical shift was identical to a
dimethylamine standard (Supp. Fig. A.5).

MfmA and MfmB are both homologous to known enzymes such as arginase,
agmatinase and guanidinium hydrolase of the ureohydrolase protein superfamily
(InterPro IPR006035) that possess a binuclear metal binding site and catalyze the
hydrolysis of guanidinium groups to form urea and an amine (Figure 4.1E) [126:127] A
multiple sequence alignment of the sequences of MfmA, MfmB with arginase and
agmatinase shows that the conserved residues that chelate the binuclear metals are

present in MfmA but not in MfmB (Figure 4.1E).
MfmAB is a nickel dependent metallohydrolase with exquisite substrate specificity

The pH optimum of MfmAB was sharp between pH 9-9.5 (Figure. 4.2A). The
alkaline pH optimum is characteristic of enzymes in the ureohydrolase protein
superfamily like arginase and agmatinase as it is proposed that the nucleophile is a metal-
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bound hydroxide in the hydrolysis reaction [!2512]. MfmAB was not fully active in the
absence of certain divalent metals. When MfmAB was stripped of metals and then
reconstituted with divalent metals, nickel showed the highest activation, with cobalt and
manganese having less activity and iron showing activity comparable to the no metal
control (Figure 4.2B). When MfmAB was co-incubated with nickel and copper or zinc,
no guanylurea formation was detected by HPLC. Analysis of the metal content of purified
MfmAB by inductively coupled plasma-optical emission spectroscopy (ICP-OES)
showed sub-stoichiometric amounts of zinc, nickel and iron. As nickel was the most
active metal, and putative nickel delivery and transport proteins appear co-expressed with
MfmAB, nickel was chosen to activate MfmAB in all subsequent enzyme kinetic

experiments (Figure 4.1A).
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Figure 4.1: Revealing the function of metformin degrading genes in a Pseudomonas
species.

(A) Metformin-related metabolic genes in Pseudomonas mendocina sp. MET-2 are in a
putative operon which encode metformin hydrolase (MfmA, MfmB), nickel metabolism
proteins (HypB, HypA), a putative nickel importer (UreJ), and a putative metformin
transporter (CodB). MfmA and MfmB are both homologs of the ureohydrolase
superfamily and share 34% sequence identity to each other. The Pseudomonas species
has additional genes to completely mineralize guanylurea as a nitrogen source and utilize
dimethylamine as a source of carbon or nitrogen. NCBI Genbank identifiers for the mfmA
and mfmB genes are shown above the genes in the putative operon. (B) Activity on
metformin was found only in E. coli lysates when MfmA and MfmB were co-expressed
(MfmAB) and not individually. Lysates were incubated with 1 mM metformin for one
hour in 20 mM CHES pH 9 with 1 mM NiClz before being sampled by HPLC.
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Guanylurea was identified as the reaction product of MfmAB. (C) MfmB copurifies with
His-tagged MfmA. Stained, denaturing, polyacrylamide gel with purified MfmAB after
IMAC. A band was observed for 6xHis-tagged MfmA and a more intense band was seen
for MfmB despite not being tagged. See Supp. Fig. A.3 for the full gel. (D) Identification
of dimethylamine as a reaction product of MfmAB by '"H NMR. NMR spectra were
obtained for 50 mM metformin in 50 mM ammonium formate, 200 mM NaCl pH 8.5, 1
mM NiClz with 20% (v/v) D20 before (blue spectrum) and after one hour incubation with
200 pg purified MfmAB (red spectrum). The major shift for the methyl hydrogens
changed upon MfmAB addition from 3.06 ppm to 2.73 ppm which was identical to the
shift found for the dimethylamine standard. See Supp. Fig. A.4 for full NMR spectra. (E)
MfmA, MfmB are homologous to arginase and agmatinase with binuclear divalent metal
centers, yet MfmB has lost several key metal binding residues. The active site of MfmA
is shown with the binuclear metal center and the several histidine and aspartate residues
binding it. A multiple sequence alignment showing sequence conservation shared
between human arginase [ (PDB 2AEB), E. coli agmatinase (PDB 7LOL), MfmA and
MfmB is depicted. Numbering of amino acids is based on the sequence of MfmA.

To characterize the enzyme kinetics of MfmAB, a spectrophotometric, coupled-
enzyme assay included the enzymes guanylurea hydrolase (GuuH) and glutamate
dehydrogenase (GDH) in admixture with MfmAB to measure NADH oxidation that was
proportional to guanylurea release from MfmAB (Supp. Fig. A.6). Guanylurea is released
from the MfmAB reaction with metformin and biguanide analogs and guanylurea
hydrolysis, via GuuH, generates guanidinium and ammonia. The latter can be used in
reductive amination of 2-oxoglutarate to form I-glutamate, supporting NADH oxidation
that can be measured by a decrease in absorbance at 340 nm. MfmAB was found to be
very specific to metformin, with no other substrate showing more than 0.6% of the
activity observed for metformin (Figure 4.2C). Buformin (1-butylbiguanide) was the
second-most active substrate while other biguanides such as phenformin (1-
phenylethylbiguanide), 1-methylbiguanide and biguanide were much less reactive. Of the
different guanidines tested, dimethylguanidine had similar activity to buformin, with

methylguanidine having less activity (Supp. Table A.4).
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Figure 4.2: MfmAB is Ni**-dependent and shows exquisite specificity for metformin

(A) pH-Activity dependence of MfmAB. Enzyme was incubated in different pH buffers
for 15 min before adding 15 mM metformin and sampling after another 15 min. The pH
buffer types used, 50 mM, were PIPES (pH 6-7, shown as circles), HEPES (pH 7-8.5,
squares), CHES (pH 8.5-10, triangles) and CAPS (pH 10-11, pentagons). Error bars
denote one standard deviation of the mean from averaging two technical replicates. (B)
Metal-activity dependence of MfmAB. Enzyme, stripped of metal, was reconstituted with
or without 0.1 mM of several divalent metals and activity measured by a coupled-enzyme
assay in 50 mM CHES pH 9 with 5 mM metformin. Error bars denote one standard
deviation of the mean from two technical replicates. (C) Plot of specificity ratios of
MfmAB activity for various substrates relative to metformin. No other substrate tested
showed activity more than 1% than that of metformin. Specific activities were measured
by incubating purified MfmAB with 50 mM substrate in 100 mM CHES pH 9 bufter
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using a coupled-enzyme assay with two technical replicates. (D) Michaelis-Menten
kinetics of metformin hydrolase at pH 9 (squares) and pH 8 (circles). Activity at several
metformin concentrations was measured by observing guanylurea release using a
coupled-enzyme assay in either 50 mM CHES pH 9 or 50 mM HEPES pH 8 buffer. Error
bars denote one standard deviation of the mean from three biological replicates. Black
lines show the fit to the Michaelis-Menten equation.

Michealis-Menten kinetics were determined for the cleaved His-tag MfmAB with
a K of 0.82 mM and a catalytic efficiency (kca/Km) of 9.6x10° M'.s™! at the pH
optimum (pH 9). At pH 8, the catalytic efficiency of MfmAB decreased to 8.7x10*> M's™!
and the Kwm increased to 6.1 mM (Figure 4.2D). The cleavage of the His-tag led to an
activity increase of ~25% but the Km was not affected (Supp. Table A.5). Activity of the
enzyme was temperature dependent with thermal inactivation of the enzyme seen at 65°C
(Supp. Fig. A.5A). The activation energy for metformin hydrolysis by MfmAB at pH 8
was estimated from an Arrhenius plot to be 52.9 kJ mol™! (Supp. Fig. A.5B). This value
was comparable to the activation energy for enzymatic hydrolysis of guanidine catalyzed
by GdmH reported to be 56.1 k] mol™! at pH 8 [126], Both metformin and guanidine are
resonance stabilized molecules and it is estimated that GdmH accelerates guanidine
hydrolysis, over the spontaneous rate, on the order of 103, similar to arginase and

agmatinase of the ureohydrolase protein superfamily [126:13]

Crystal structure of MfmAB

Diffraction data for crystals of MfmAB were collected at resolution ranging from
1.85 to 2.30A. The structure was solved by molecular replacement using, as template,
separate AlphaFold models for MfmA and MfmB, respectively (Supp. Table A.6) 126,
MfmAB was found to crystallize with multiple asymmetric unit sets of parameters in
space group P1 and in space group C2. The oligomeric state of MfmAB observed in the
crystal structures was heterotrimeric with a stoichiometry of 2:1 MfmB:MfmA (Figure
4.3A). Both MfmA and MfmB subunits exhibit the arginase a/f fold characteristic of the

[131,132]

ureohydrolase superfamily, with eight parallel B-sheets and alternating a-helices .

53



Also characteristic of this protein superfamily is the cis-peptide bonds present in MfmA
(G156-G157) and MfmB (G135-G136). Similar to guanidine hydrolase (GdmH), MfmA
and MfmB have N-terminal loops of approximately 60 and 45 amino acids, respectively,
that are not commonly found in the arginase fold and lie at the inter-subunit interfaces of
MfmAB (Figure 4.3B) [!26], Residues 16-24 comprise an N-terminal loop of MfmB that
was highly disordered and could not be resolved from the electron density maps. When
nickel was co-crystallized with MfmAB, anomalous dispersion difference maps at the K-
edge for nickel identified its presence at the canonical binuclear metal binding site of
MfmA subunits but not of MfmB (Figure 4.3C). The active site of MfmAB resided totally
within the MfmA subunits. The MfmB subunit may occlude the entrance to the active site
of MfmA but no residues of MfmB come within 10 A of the metals bound in MfmA. No
conformational differences were observed for MfmA and MfmB between the crystal

structures, despite the multiple, distinct asymmetric units found.

The canonical binuclear binding site in MfmA is formed by four aspartate
residues (D184, D188, D277, D279) and two histidine residues (H159, H186) (Figures
4.1E, 4.3C). The active site also includes a key glutamate residue E321 which is
implicated in substrate binding for agmatinase and arginase (Figure 4.3D). The
aforementioned residues correspond to critical-activity determining residues that were
subject to mutagenesis in arginase and agmatinase homologs in prior studies [12%133134],
To expand the scope of residues critical for metformin hydrolysis, select residues in the
active site, that were shown to be only conserved in close MfmA homologs (>60% seq.
identity), were singly substituted and specific activity was measured (Supp. Fig. A.7).
These residues were Q81, D188, N200, C201 and W232. All substitutions were
deleterious with the variants D188N and N200A having 0.05% and 5.6% of the activity
relative to wildtype. The MfmA/D188N variant was crystallized (PDB 8SNK) and it
showed occupancy for only one of the two metal binding sites in the active site (Supp.

Fig. A.8).
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Co-crystallization of MfmAB with metformin and other compounds was
unsuccessful in achieving substrate or ligand bound structures. Computational docking of
metformin into the MfmA active site was done to model the potential catalytic
conformation (Figure 4.3D). A docking model positioned metformin such that the carbon
atom bonded to the dimethylamine leaving group is close (2.1 A) to the critical, attacking
water molecule that is bound by the metal ions. In addition, two of the amino groups of
metformin are positioned near the two metals ions at less than 2.7 A. In this hypothetical
conformation, residues N200 and E321 could provide hydrogen bonding interactions to
the substrate while C201 and W232 may provide van der Waals (VDW) contacts to
metformin. The MfmA active site cavity is small and metformin docks snuggly in the
cavity (Figure 4.3E). Overlaying the metformin MfmA docking model with the crystal
structure of human arginase I (hARG1) bound with a boronic acid analog of the substrate
arginine (PDB 2AEB) showed the dimethylamine moiety of metformin aligned with the
alkyl chain of the boronic acid analog (Figure 4.3F) 1, In addition, the metformin
guanidinium atoms in the docking model are coordinating the metals similarly to the

crystallized boronic acid analog.

Comparing the active sites of MfmA with the homologous enzymes arginase,
agmatinase and guanidinium hydrolase showed differences that relate to substrate
selectivity. Firstly, the positions of the metals in MfmAB are not aligned precisely with
the metals in the hARGI structure. The metals in E.coli agmatinase and GdmH also show
significant deviation (Figure 4.3G). Secondly, MfmAB is missing a histidine residue, that
is conserved in other ureohydrolase homologs and is implicated in the catalytic
mechanism 2131 In MfmAB, the corresponding residue is an asparagine (N200)

(Figure 4.3D).
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Figure 4.3: Crystal structure of the metforminase (MfmAB) complex

(A) MfmAB is a heterotrimer with one subunit of MfmA per two subunits of MfmB
(PDB 8SNF). (B) Overlay of MfmA and MfmB subunits show high structural
conservation apart from their N-terminal loops which provide contacts at the intersubunit
interfaces of MfmAB (PDB 8SNF). (C) Active site of MfmA showing the anomalous
dispersion difference maps contoured at 4 found from diffraction data collected at the Ni
edge, 8347 eV, shown in orange mesh. Data was also collected under the Ni K-edge
(8250 eV), but the map (red mesh) shows no density peak at this contour level (PDB
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8SNF). (D) Docking model of metformin bound to the active site of MfmA and
mutagenesis. Select residues in the MfmA active site were substituted, singly, with the
amino acids written in red next to the residue position and the relative specific activity to
the WT stated above each residue tested. The residue substitution D188N was critical to
activity which is implicated in activating the water that attacks the substrate. The relative
activities reported are an average from two technical replicates with percent error of one
standard deviation being less than 3%. (E) Cavity of MfmA active site with metformin
docked. (F) Overlay of docked metformin in MfmA with human arginase I (hARG1)
bound with a boronic acid arginine analog, ABH, (PDB 2AEB). The docking model
aligns well the dimethylamine moiety with the boronic acid group. (G) Overlay of metal
centers from different ureohydrolase homologs, MfmA (PDB 8SNF). hARG1 (PDB
2AEB), E. coli SpeB (PDB 7LOL) and GdmH (PDB 70I11). The positioning of the metals
in MfmA (green), relative to the other homologs in the superfamily may dictate substrate
specificity.

4.4 Discussion

MfmAB displays exquisite substrate specificity for metformin, being able to
discriminate other close substrates by several orders of magnitude (Figure 4.2C). In
addition, MfmAB has a catalytic efficiency of approximately 10* M!s™!, an order of
magnitude less than the average (10° M!s™) for enzymes active on natural metabolites
(Figure 4.2D) 331, This is remarkable for an enzyme thought to have evolved recently;
metformin has only been approved for pharmaceutical use since 1958. Prior to the
introduction of metformin, the structurally-analogous biguanides buformin and
phenformin were used for treating type-II diabetes but have since been discontinued in
many countries due to metformin’s superior safety profile 3¢, However, in South
America and Asia, buformin and phenformin are still being prescribed and wastewater
bacteria possessing MfmAB could degrade these pharmaceuticals, albeit more slowly.
Microbes able to grow on metformin have been isolated from activated sludge in China,
Europe, United States !%-'!'!]. From those genomes, we have determined the presence of
high confidence homologs (>97% seq. id) of MfmA and MfmB indicating that metformin
hydrolase is widespread globally in wastewater (Supp. Fig. A.2).
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Evolution of the MfmAB complex

MfmB appears to be always co-located with MfmA in genomes and the role of the
subunit appears to serve as a scaffold to stabilize the fold of the active MfmA subunit
(Supp. Fig. A.2). Mining for related sequences of MfmA and MfmB sequences from the
NCBI and EMBL databases and clustering the data using a sequence similarity network
(SSN), finds only a few dozen closely related sequences (seq. id. >60%) to MfmA and
MfmB in recorded databases (Supp. Fig. A.7). The cluster of MfmA sequences appears to
be the closest relative of MfmB sequences, which suggests that an ancient gene
duplication event of MfmA likely occurred to evolve MfmB (SI Appendix, Fig. S8). A
similar example of this type of enzyme evolution is found in guanidine metabolism for
the enzyme carboxyguanidine deiminase (CgdAB) *¢). The CgdAB enzyme is comprised
of two homologous proteins with one chain conserving the catalytic residues (CgdB)
while the other chain (CgdA) lacks the residues but is still necessary for the activity of
the enzyme ¢!, Examining the crystal structure of the MfmAB complex does not reveal
that MfmB provides contacts for substrates bound in the MfmA active site. However,
there is a highly disordered loop at the N-terminus of MfmB (residues 16-24) that may
play a role in gating of substrates into the MfmA active site (Supp. Fig. A.10). In
addition, it may be possible that the loop is involved to bind the HypAB proteins and

assist nickel loading into the active site of MfmA.

As the proteins MfmA and MfmB only share 34% sequence identity, it does not
suggest that their interaction is a recent evolutionary event in response to metformin
entering the environment but the functional precursor to MfmAB is yet unknown. In a
study by Chaignaud et al, several Aminobacter bacterial strains were unable to grow on
metformin as the sole carbon source despite their genomes encoding a MfmA homolog
that shared ~93% seq. id. with the MfmA reported here (Supp. Fig. A.11) M9 It appears

that fewer than 14 substitutions were necessary to evolve this protein to become active
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specifically on metformin as shown in the present study (Supp. Fig. A.11A). The
substitution positions are distributed globally across the protein although substitutions on
one active site loop stands out (Supp. Fig. A.11). MfmA residues 289-291 on an active
site loop may provide contacts for metformin, according to the docking model, and at
these positions the substitutions from MfmA, to homologs that putatively do not work on
metformin, are N289S, S290T and A291S. These changes appear very subtle, but these
residues are proposed to be within 3.3-3.5A with the substrate and could provide van der
Waals interactions (Supp. Fig. A.11B). Obtaining a crystal structure of one of these
homologs that putatively do not work on metformin may reveal structural differences in
the secondary structure of this loop or other parts of the protein that may also dictate
substrate specificity. The few differences between MfmA and non-metformin degrading
homologs support a recent evolution hypothesis and may be used as a signature to

identify true metformin hydrolases.

The recent spread of mfinA and mfmB genes across the world appears to be
facilitated by horizontal gene transfer as the genes found in metformin-degrading
Pseudomonas or Aminobacter species share >97% and >99% sequence identity at the
protein and nucleotide level, respectively. In metformin-degrading Pseudomonas strains,
mfmAB genes are located on plasmids while in Aminobacter genomes, the genes are
either found on the main chromosome or on a plasmid (Supp. Fig. A.2). This suggests
that MfmAB first evolved from an Aminobacter bacterium and the genes later moved into
other Pseudomonas and Aminobacter strains on plasmids which contain transposon

elements and type-IV secretion systems 1%,

Implications in human microbiomes

The discovery of the metformin hydrolase enzyme in wastewater may have
implications in metformin’s interaction with human gut microbiota of type-II diabetes
patients. If MfmAB or an homologous enzyme exist in gut microbes than partial
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metabolism may be occurring and modulating the potency of the drug '7-!8]. Another
possibility is that gut enzymes, homologous to metformin hydrolase, may be inhibited by
metformin which can compete with their native substrates. One homolog of MfmAB that
is present in the human gut is agmatinase which acts on agmatine, an intermediate in
polyamine metabolism 7). Interestingly, metformin and agmatine have been linked in a
previous mechanistic study of metformin’s effect on aging using a host-microbe system
with C. elegans as the host and E. coli as the gut endosymbiont [*81. E. coli encodes
agmatinase and a deletion of this gene done in the study simulated metformin’s positive
effect [1*8), Testing for metformin activity or inhibition of gut ureohydrolase homologs of

metformin hydrolase may be important and merits further investigation.
Catalytic mechanism of MfmAB

The catalytic mechanism of metformin hydrolysis by MfmAB appears similar to
other members of the ureohydrolase superfamily in that it has the critical aspartate
residue (D188) that is in close proximity to the water bound by the binuclear metals
(Figure 4.3D). The role of the asparate residue is to activate the water molecule and bind

(1291 Substituting this residue with asparagine (D188N) was highly

one of the metals
deleterious to specific activity which could support its role in catalysis but it also may
affect binding of one of the binuclear metals as evidenced in the crystal structure of the
D188N variant (PDB 8SNK), where one of the two metals is missing (Supp. Fig. A.8). In
a previous study, the corresponding mutation was done in the E. coli agmatinase, D153N,
and it was reported that the Kwm for the native substrate, agmatine, was unchanged but

with a 95% reduction of the specific activity 2],

A histidine residue that is present in the active sites of arginase, agmatinase and
guanidinium hydrolase, and is implicated in proton transfer to the amine leaving group on
the substrate, is not present in MfmAB [!2%133] Tn MfmAB the corresponding residue is
an asparagine (N200), in which the side chain is not ionizable and likely has a role in
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substrate binding and/or transition state stabilization but not able to do proton transfer
(Figure 4.3D). A cysteine residue, C201, also in the active site, may be ionizable at the
pH optimum of the enzyme, pH 9, but substitution of this residue with serine (C201S) did
not dramatically affect the activity of the enzyme (Figure 4.3D). The proton transfer to
promote the elimination of dimethylamine from metformin may be facilitated by the
catalytic aspartate, D188, which may transfer the proton it abstracts from the substrate-
attacking water molecule to metformin (Supp. Fig. A.12). The docking model shows that
for metformin to bind in a catalytic conformation, it may require that the substrate is
contorted and not planar (Figure 4.3E). This conformation could be stabilized by the
active site residues (N200, E321, D188) and by the two metals binding the substrate
which could serve to reduce the resonance stabilization (Figure 4.3D). The loss of
planarity of amides is known to increase their lability in hydrolysis reactions and this may

also apply in the metformin hydrolysis catalyzed by MfmAB [13%140],

Metal-dependency of MfmAB

The activity of metformin hydrolase is highest with divalent nickel compared to
the other metals tested (Figure 4.2B). Nickel is also the preferred metal for the enzymatic
hydrolysis of urea and guanidine, which are both resonance stabilized structures, like
metformin, and have higher activation barriers for hydrolysis compared to substituted
guanidines, arginine and agmatine, whose enzymes prefer divalent manganese ). The
greater Lewis acidity of nickel compared to manganese, may be necessary to drive
metformin and guanidine hydrolysis, by further activating the metal bound hydroxide that
attacks the substrate. In addition, interactions with the substrate and geometry may also

play a role in MfmAB’s preference for nickel.

The delivery of nickel in vivo, into MfmAB, appears to be dependent on the co-
expressed nickel-delivery proteins HypA and HypB. This is also likely the case for
guanidinium hydrolase (GdmH) that has proteins GhaA, GhaB that are homologous to

61



HypA, HypB [!26] In the Irving-Williams series of divalent metals forming stable ligand
complexes (ex. with proteins), only copper and zinc, which inhibit metformin hydrolase,
are more competitive than nickel to form more stable complexes

(Mn?*" <Fe?" < Co* <Ni?" < Cu*" > Zn*") !4l This property of nickel then necessitates
that its delivery must be facilitated in vivo to avoid mismetallation. So the likely role of
the HypAB chaperones is to selectively deliver nickel to MfmAB in vivo where the
endogenous concentration of nickel is at low levels compared to metals such as

manganese and iron (14271441,
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Chapter 5

Discovery of an ultra-specific microbial biguanide

hydrolase reveals an alternate metformin

biodegradation strategy

5.1 Introduction

Guanylurea is the main transformation product of metformin in wastewater

treatment plants (WWTPs) and we have reported on the biodegradative enzyme

(MfmAB) that hydrolyzes metformin to guanylurea (See Chapter 4). However there are

minor transformation products (TPs) of metformin that are also detected in the effluent of

WWTPs which include 1-methylbiguanide, biguanide and triazines 2,4-diamino-1,3,5-
triazine (2,4-DAT), 2-amino-4-methylamino-1,3,5-triazine (2,4-AMT) and 4-amino-2-
imino-1-methyl-1,2-dihydro-1,3,5-triazine (4,2,1-AIMT) (Figure 5.1)!?3:143],
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Figure 5.1: Minor transformation products (TPs) of metformin in wastewater treatment
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water via an abiotic process. Ex sifu, chemical reactions with metformin and oxidizing
agents like hypochlorite and hydroxy radicals from peroxide and ozone are able to form

145,146] Chlorination and ozonation are standard practice for WWTPs at

these minor TPs!
the last stage of water treatment to kill microbes and viruses and make it safe for
drinking. It is unclear if wastewater microbes are responsible for doing these same

transformations or can biodegrade these products once they leave the WWTPs.

The possible pathways are numerous to transform metformin to these minor TPs
and necessitates finding the genes responsible and characterizing the enzymes to get the
best picture. In Chapter 4, the enzyme responsible for metformin hydrolysis to
guanylurea, MfmAB, was found in a Pseudomonas mendocina sp. MET-2 that could
mineralize metformin but also 1-methylbiguanide and biguanide as the sole nitrogen
source!'%. The activity of MfmAB on 1-methylbiguanide and biguanide was four orders
of magnitude less than the activity of metformin suggesting another enzyme encoded in
the genome may be responsible. Interestingly, the metformin hydrolase genes mfmA and
mfmB are not clustered together with the guanylurea hydrolase gene (guuH) in the
Pseudomonas sp. genome despite being functionally linked. Instead, co-located with
guuH was a gene, bguH, encoding a protein homologous to cytidine deaminase-like
protein superfamily which comprises of metal-dependent hydrolases that are known to
hydrolyze nucleotide and nucleoside substrates like cytidine and guanosine (Figure
5.2)B52147] The hypothesis was then that this hguH gene can encode a hydrolase to

transform a substrate to guanylurea, most likely being 1-methylbiguanide or biguanide.

Here we report that the bguH gene encodes a metal-dependent biguanide

hydrolase (BguH) and characterize its kinetics and substrate specificity.
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Figure 5.2: Metformin transformation via hydrolytic or demethylation pathways

(A) Potential metabolic pathways for metformin metabolism. Guanylurea is the main
transformation product of metformin in WWTP although some reports detect 1-
methylbiguanide and biguanide as transformation products. The latter two could be
formed from metformin via demethylation by microbes or abiotic factors. Hydrolysis of
metformin, 1-methylbiguanide or biguanide can funnel into guanylurea metabolism. (B)
Genomic context of the guanylurea hydrolase gene (guuH) in a Pseudomonas mendocina
strain that can grow on metformin, 1-methylbiguanide and biguanide as the sole nitrogen
source. Clustered with the guanylurea hydrolase is a gene (bguH) encoding biguanide
hydrolase which is homologous to members of the cytidine deaminase-like (CytD-like)
protein superfamily.
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5.2 Methods

Cloning, expression and purification of BguH

The biguanidase gene, bguH from Pseudomonas mendocina sp. MET-2 (NCBI
accession UZZ13642.1) was codon-optimized and cloned into Escherichia coli BL21
DE3 cells (New England Biolabs) using a pET28 vector derivative with kanamycin
resistance. The bguH gene was cloned with a N-terminal 6x His-tag and inserted, by
Gibson assembly, using the Ndel and HindIII restriction sites. The bguH genes were
expressed by growing cells in terrific broth (TB) medium with 50 pg/mL kanamycin at
37°C and 200 rpm to an ODsoo of 0.6 in a shake flask. The culture was cooled to 16°C
and induced with 1 mM isopropyl B-D-1-thiogalactopyranoside (IPTG) and, with the
same agitation, incubated for 20 hours. Cell pellets were harvested by centrifugation at
1,500 x g for 20 min and then resuspended in lysis buffer (50 mM Tris-HCl, 500 mM
NacCl, 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 then clarified by centrifugation at 20,000 x
g for one hour. Biguanidase was 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, BguH was purified after running an
imidazole gradient from 50 mM to 500 mM and fractions collected. The expression yield
for BguH was 10 mg per liter culture. 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. The His-tag of purified BguH was cleaved by
adding 1 unit of bovine thrombin protease per mg of BguH in a dilute protein solution
between 5-10 mg/mL BguH and the cleavage reaction was placed on a rotator at 4°C
overnight. The reaction was concentrated to 2 mL and cleaved BguH was purified by size
exclusion chromatography using the AKTA FPLC and a GE Healthcare HiL.oad 16/600

Superdex 200 pg column. The column was equilibrated with storage buffer, the sample
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was injected onto the column, and washed with 1 column volume at 1 mL per min flow
rate. BguH eluted as a homodimer with an apparent molecular weight of ~37 kDa and the
preparation was then subsequently used in kinetic and crystallization experiments (data

not shown).
Enzyme activation and kinetics

Rates of substrate hydrolysis by BguH were determined by a spectrophotometric,
coupled-enzyme assay. The coupled-enzyme assay included coupling of enzyme bovine
liver L-Glutamic dehydrogenase (GDH) with BguH to measure NADH oxidation that
was proportional to ammonia release from BguH. Ammonia release can be used by GDH
in reductive amination of 2-oxoglutarate to form L-glutamate, causing NADH oxidation
that can be measured by absorbance at 340 nm. For reactions, a 10X coupled enzyme
assay master mix was prepared in S0mM HEPES-NaOH pH 8 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)
and 2.5 U/mL GDH from lyophilized powder (Sigma). When testing 1-methylbiguanide
or metformin as a substrate, purified guanylurea hydrolase (GuuH, 0.3 mg/mL) was also
added to the master mix if ammonia was not directly generated from these substrates with
BguH. GuuH hydrolyzes guanylurea to form guanidine and ammonium (See Chapter 3).
Methods for expression and purification of GuuH are detailed by Martinez-Vaz et al!%],
The master mix was then diluted with buffer and purified BguH enzyme into wells of 96-
well flat-bottom microplates and the reaction was initiated by adding substrate to make a
total sample volume of 200 pL. The reactions were monitored, continuously, by
absorbance at 340 nm using an Agilent BioTek Synergy HTX 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-em™. BguH enzyme concentrations used in the assay were between 0.01 pg/mL and
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10 pg/mL to measure substrate hydrolysis with the rate being linearly dependent to
enzyme concentration in this range. 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. No metal was supplemented in the reactions as incubating BguA with
divalent zinc caused precipitation and divalent or trivalent iron inhibited the enzyme.
Since numerous homologs of BguH from the cytidine deaminase-like superfamily appear
to ubiquitously depend on divalent zinc, BguH was not supplemented with any metal

during enzyme kinetic experiments.
HPLC separation and substrates

A reversed-phase HPLC method to separate guanylurea from biguanide 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 6.61°!'4]. Biguanide hydrochloride (Synthonix), guanylurea
phosphate (TCI Chemicals), metformin hydrochloride (Cayman Chemical), 1-
methylbiguanide sulfate (Alfa) and cyanoguanidine (Acros) were obtained with high
purity (>97%).

Crystallization of BguH

Initial crystallization conditions were found from the sparse matrix screen JCSG
Plus HT (Hampton Research) using sitting drops containing 5 mg/mL BguH and reservoir
solutions. Crystals grew from the following conditions, 0.2 M LiSO4, 0.1 M sodium
acetate pH 4.5, 30% (w/v) PEG8000; or 2 M ammonium acetate, 0.1 M sodium acetate
pH 4.6. Optimization of BguH crystals was done by vapor diffusion in 24-well hanging
drop crystallization plates. Crystals grew in a range of conditions at 18°C with 0.2 M
lithium sulfate between 11-16% (w/v) PEG 8000 and 0.1 M sodium acetate pH 4.5-6.0 in
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drops of 1 puL of protein (5-10 mg/mL) with 1 or 2 uL of precipitant and appeared after

one day.
5.3 Results

Discovery of a biguanide hydrolase, BguH, that hydrolyzes biguanide to guanylurea

and ammonia

The biguanide hydrolase gene, bguH, tested in this study came from
Pseudomonas mendocina sp. MET-2, isolated from activated sludge of the Metropolitan
Wastewater Treatment Plant in Saint Paul, Minnesota, United States!'®. The BguH
enzyme is related to members of the cytidine deaminase-like protein superfamily that are
characterized as metallohydrolases dependent on divalent zinc metal®>!47), The
heterologous expression of BguH in E. coli showed no activity on metformin but was
active on biguanide in lysates (Figure 5.3). An HPLC method that could separate
biguanide from guanlylurea demonstrated that the latter was a reaction product of the

BguH reaction.
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Figure 5.3: BguH is a biguanide hydrolase

(A) Biguanide hydrolase, BguH, hydrolyzes biguanide (BGU) to form ammonia and
guanylurea (GUA). (B) HPLC traces of 1 mM biguanide, ] mM guanylurea and 1 mM
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biguanide incubated with BguH enzyme. Guanylurea was identified as a reaction product
of BguH as determined by a HPLC method that can separate guanylurea from biguanide.
E. coli lysate with BguH expressed was incubated with 1 mM biguanide for one hour in
20 mM HEPES pH 7.5 before being sampled.

BguH kinetics and exquisite substrate specificity

To characterize the enzyme kinetics, a coupled enzyme assay with glutamate
dehydrogenase was developed (Figure 5.4A). The ammonia released by BguH can be
consumed in the reductive amination reaction catalyzed by glutamate dehydrogenase with
stoichiometric NADH oxidation, that can be measured spectrophotometrically. The pH
optimum of BguH, where there is maximal activity, was broad between pH 7-8 (Figure
5.4B). Analysis of the metal content of purified BguH by inductively coupled plasma-
optical emission spectroscopy (ICP-OES) showed sub-stoichiometric amounts of zinc
and iron. Characterized homologs of the cytidine deaminase-like superfamily appear to

ubiquitously depend on divalent zinc for activityl®>147:148],

Michealis-Menten kinetics were determined for BguH with a catalytic efficiency
(keat'Kwm) of 4x10° M's! at the pH optimum, pH 7.5 (Figure 5.4C). BguH was found to
be very specific to biguanide, with no other substrate showing more than 0.2% of the
activity observed for biguanide (Table 5.1). 1-methylbiguanide was the second most
active while guanylurea, cyanoguanidine being less active and metformin showed no
detectable activity. The product of the BguH reaction with 1-methylbiguanide produced
guanylurea and methylamine as activity was only detected when coupling guanylurea
hydrolase to the coupled-enzyme assay, which liberates an ammonium from guanylurea

(See Chapter 3).
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Figure 5.4: Enzyme kinetics of BguH

(A) Coupled-enzyme assay to detect ammonia release. The biguanidase (BguH) reaction
releases ammonia when hydrolyzing biguanide. This ammonia can then be used in
reductive amination of 2-oxoglutarate oxoglutarate to form glutamate by bovine
glutamate dehydrogenase (GDH) which uses NADH as a cofactor. The oxidation of
NADH in the GDH reaction can be measured spectrophotometrically by absorbance at
340 nm. (B) pH-Activity dependence of BguH. The pH optimum is broad between pH 7
and pH 8. Enzyme was incubated in different pH buffers for 15 min before adding 20
mM biguanide and sampling after another 15 min. The pH buffer types used, 50 mM,
were PIPES (pH 6-7), HEPES (pH 7-8.5) and CHES (8.5-10). (C) Kinetic parameters of
BguH. Activity at several biguanide concentrations was measured by observing ammonia
release by a coupled-enzyme assay in 100 mM HEPES pH 7.5 buffer. Error bars denote
one standard deviation of the mean from averaging two technical replicates. One unit (U)
of activity is defined as one umol ammonia released per min.
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Table 5.1: Substrate specificity of BguH

substrate (50 mM) spec. activity (umol/min/mg) specificity ratio

biguanide 242 +1.01 1
I-methylbiguanide®  0.0488 + 0.0064 2.01x107
guanylurea 0.00328 + 0.00022 1.36x10*
cyanoguanidine 0.00146 + 0.00008 6.03x107?
metformin® n.d

 guanylurea hydrolase added to coupled-enzyme assay; n.d — not detected

Active site of BguH

Modelling the structure of BguH identifies potential enzyme residues that are
critical for activity (Figure 5.5). The enzyme conserves the two cysteine residues (C85
and C88) and one histidine residue (H56) that are conserved in the CytD-like superfamily
that chelate divalent zinc. The glutamate residue (E58) is also conserved which is
implicated in deprotonating the water bound by the metal and transferring the proton to
the ammonia leaving group on the substrate (Figure 5.5)2]. Docking of biguanide into
the BguH active site identified residues that may contact the substrate during catalysis.
The backbone carbonyls of residues C82 and E83 may stabilize the ammonia leaving
group of the substrate and the loop on which these residues lie is held rigid by the proline
residue P84 (Figure 5.5). The phenyl ring of residue F84 likely provides VDW contact to

the substrate and the aspartate residue may hydrogen bond with biguanide.
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Figure 5.5: Model of BguH active site with biguanide docked

BguH is a metallohydrolase that chelates a metal (M™") with residues C85, C88 and H56.
The metal binds a water molecule (wat) and is activated by residue E58 to attack the
substrate. Biguanide is likely to make contact with the sidechains of residues D45 and
F28 and the backbone carbonyls of residues E83 and C82. Model of BguH was made by
homology model using the structure of guanosine deaminase (PDB 7DC9) as template
with 41.2% sequence identity.

.-
Figure 5.6: Crystals of BguH
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Crystallization of BguH

Crystals of BguH were formed from a certain set of conditions to make rod-like
crystals with an average diameter of 50 pm (Figure 5.6). The crystals were not subjected
to X-ray diffraction experiments so it is not known if these crystals can diffract to

determine the structure of BguH.
5.5 Discussion

BguH has a catalytic efficiency of 4x10° M's™' and displays exquisite specificity
for biguanide. Considering the short time of exposure to biguanide in the environment,
this is a remarkable feat of recent evolution by microbes to utilize a pervasive pollutant in
wastewater. The existence of this function suggests that biguanide and 1-methylbiguanide
are seen by microbes in the environment, most likely from demethylation of metformin.
BguH activity on 1-methylbiguanide suggests that Pseudomonas strain uses this enzyme
to metabolize 1-methylbiguanide for growth as a nitrogen source, despite its slow kinetics
(Table 5.1)['%]. Gene knockout of the bguH gene is still necessary to confirm that this
sole gene is responsible for 1-methylbiguanide or biguanide utilization. Comparing BguH
and the metformin hydrolase, MfmAB, for specific activity on 1-methylbiguanide, at
their respective pH optima, shows that BguH has ten-fold more activity (Table 5.1,
Chapter 4). Although since the pH optimum of MfmAB is at pH 9, the specific activity on
I-methylbiguanide at near neutral pH 7.5 is suggested to be 50-fold less (See Chapter 4).
This supports the role of BguH to confer the phenotype of growth on 1-methylbiguande

and biguanide for microbes.

Genes encoding enzymes that may demethylate metformin or 1-methylbiguanide
could not be identified in this study and it is unclear if Pseudomonas mendocina sp.

MET-2 is able to do this demethylation or by other microbes in the environment. An
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interesting study would be to quantify the relative expression of MfmAB and BguH in a
wastewater treatment plant at the RNA level using quantitative polymerase chain reaction
(qPCR) and understand at what stage of water treatment, in the influent, aerobic

digestion, anaerobic digestion or effluent where this biodegradation is occurring.

If an enzyme is found to demethylate metformin to 1-methybiguanide in
wastewater microbes, it is possible that if the same or homologous enzyme exists in
human gut microbes of patients prescribed metformin that there could be drug
interaction. The concentration of metformin in the human gut is many orders of
magnitude greater than in wastewater and could be transformed by gut microbes to
modulate the drug’s efficacy!!”-!¥]. Alternatively, the same gut enzymes may have poor
activity on metformin but could be competitively inhibited by the drug and disrupt native

gut metabolism that is important to the therapeutic effect of the drug or side effects.
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Chapter 6

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

Prepared for submission from L.J. Tassoulas, and L.P. Wackett. New insights into the
action of the pharmaceutical metformin: Targeted inhibition of the gut microbial enzyme
agmatinase. iScience, in preparation, 2023.

6.1 Introduction

Metformin is the first-line treatment for type-II diabetes with an unknown
mechanism and prescribed to over hundreds of millions of patients each year. Beyond the
prescribed usage, metformin has been identified to also have anti-tumor and anti-obesity
properties!!*>15% 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
uMPB! The 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-II diabetes patients,

which mainly circumvents the human gut, showed little to no effectiveness!®!.

Human gut microbes are known to be key indicators in human health and disease

and modulation of the gut microbiome is seen as a new frontier for therapeutic
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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
symptoms and another 20% of type-II diabetes patients are non-responders to the drug

(19201 Elucidating the direct mode of action of

and require alternative medication
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 and is one of the most pervasive pollutants in the world(!%%,

Recently we discovered the genes and enzymes in microbes responsible for
transforming metformin to guanylurea in wastewater treatment plantst'>!). This was an
effort to determine gene markers that could be used to identify drug metabolism in human
gut metagenomes and possibly explain patient variation in drug dosage or side effects.
The metformin hydrolase, MfmAB, is homologous to members of the ureohydrolase
protein superfamily like agmatinase and arginase which are metal-dependent using
binuclear, divalent metals. Searching for these gene markers in human gut metagenomes
did not find significant hits that suggested metformin hydrolase was present in human gut
microbiota (Figure 6.1A). An alternative hypothesis we conceived was that since
metformin hydrolase activity evolved from this family of proteins, there could be
sequence-distant gut ureohydrolase homologs of MfmAB that could have slow activity
on metformin and possibly be inhibited by metformin via competition with their native

substrates.

Here we report that metformin targets gut bacterial agmatinases as a potent,
competitive inhibitor that is relevant in the human gut context. We also find that related
biguanide analogs buformin, phenformin and galegine also competitively inhibit

agmatinase, indicating a shared mechanism. Revealing that metformin targets agmatine
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metabolism in the gut may have profound implications in type-II diabetes therapy which

is discussed in this chapter.
6.2 Methods

Cloning, expression and purification of ureohydrolase homologs

The agmatinase from Escherichia coli gene (ECAGM, WP_000105566.1) was
cloned from the ASKA!3?! clone, JTW2904, 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 a N-terminal a 6x His-tag and inserted, by Gibson
assembly, into the multiple cloning site using the Ndel and HindllI restriction sites. The
Clostridium butyricum agmatinase (CbAGM, QGH27404.1) was codon-optimized and
cloned in the same procedure as ECAGM. The proteins were expressed by growing cells
in lysogeny broth (LB) medium supplemented, with 0.5 mM MnSOs, for ECAGM, or 0.5
mM NiSOsl for CbAGM, and 50 pg/mL kanamycin at 37°C and 200 rpm to an ODeoo of
0.6 in a shake flask. The culture was cooled to 16°C and induced with 1 mM isopropyl B-
D-1-thiogalactopyranoside (IPTG) and, with the same agitation, incubated for 20 hours.
Cell pellets were harvested by centrifugation at 1,500 x g for 20 min and stored at —80°C.

For purification, cell pellets were resuspended in lysis buffer (50 mM Tris-HCI,
500 mM NacCl, 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 then clarified by
centrifugation at 20,000 x g for one hour. 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
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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. See Appendix A.1, for methods describing the cloning,

expression and purification of ARG1, ARG2, AGMAT, GpuA and AgDI proteins.
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 all'*¥). 2-methyl-2-
thiopseudourea hemisulfate, 7 mmol, (Sigma) was added to 8 mmol 3-methyl-2-buten-1-
amine (A2B Chem) in 5 mL 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-d6, 400
MHz) 6 (ppm) 1.62 (s, 3H), 1.68 (s, 3H), 3.64 (br, 2H), 5.16 (t, 1H), 7.62 (br, 4H), 8.46
(br, 1H). '"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 done at room temperature in 100 mM HEPES-NaOH pH 7.5 with 2

mM MnClz or 0.1 mM NiCl: for the Ni**-dependent CbAGM. Enzyme reactions with 25
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pL volume were quenched with 75 pL of the colorimetric acid reagent (120 uM FeCls, 10
mM phosphoric acid in 20% w/v H2SO4) and then to this mixture, 50 puL 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 minutes 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 pL 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.

Inhibition constants (Ki) for were determined for the inhibitors by first obtaining
the apparent Km (Km*P) of agmatine 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 Km, Km*P for each inhibitor were then used to determine the

Ki using equation (1), assuming purely competitive inhibition.
(1]
KPP = Ky (1 + E) (1)

Computational modelling 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)!2!:122],

The protein receptors were prepared using AutoDockTools4 (Version 4.2.6) with polar

hydrogens added, using default charges for standard residues and the partial charges for
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124155] The docking was done

manganese ions were set to 0.580 according to Neves et al [
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'**l.
Cytoscape was used to visualize the clustering in the SSN and identify sequence clusters

s3], The SSN also included protein sequences of

encoding unique function
experimentally characterized ureohydrolase enzymes with known function to help
annotate 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 ChbAGM.

To understand the likely relative abundances of ECAGM-like, and CbAGM-like
functions in the human gut microbiome, the 16S rRNA profiling data from fecal samples

of type-II diabetes patients, taking metformin, as analyzed by Pryor et al was used

3,8,138,157

(https://data.mendeley.com/datasets/crmtpmd622/1)! 1. The analysis consisted of

mapping 16S rRNA reads from three separate cohort studies (Danish"!, Swedish!'>”) and
Spanish!®) to 773 human gut microbial genomes used in the metabolic reconstruction tool
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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 of the protein sequences pertaining to

EcAGM-like, and CbAGM-like functions were put into separate bins.
6.3 Results

Searching for metformin metabolic genes in wastewater and gut metagenomes

The metformin hydrolase genes mfinA 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!'*!l. Using the MGnify database, which
allows for a protein sequence search against hundreds of thousands translated
metagenome datasets, found no close matches (>30% seq. id.) to MfmA or MfmB
sequences in recorded human gut metagenomes, at the time of writing this
dissertation!!>%]. This inconclusive result led us to develop an alternative hypothesis that,
since the 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 ureohydrolase that, in a recent host-
microbe study by Pryor et al, was linked to metformin action to increase the lifespan of
C. elegans with Escherichia coli (E. coli) as an endosymbiont!'3®!. In the study, deletion
of the agmatinase gene in E. coli simulated metformin’s positive effect and this finding
suggested that metformin inhibits agmatinase from E. coli, a known gut microbe in

humans!'38],
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Figure 6.1: Targeted inhibition of gut bacterial agmatinases by metformin (A) Searching
for metformin-degrading enzymes in the human gut microbiome. (B) Gut and human
homologs of MfmAB tested for inhibition by metformin. 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. (C) Sequence similarity
network (SSN) of gut and human homologs of MfmAB. The E-value cutoff for this SSN
was set to 61. (D) Kinetic parameters of ECAGM and CbAGM agmatinases. ECAGM has
a superior kcat over CbAGM with an approximately 350 fold difference in catalytic
efficiency (kcat/Km). (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.
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Metformin inhibits human gut agmatinases

Metformin is a potent, competitive inhibitor of E. coli agmatinase (ECAGM) with
an inhibition constant (Ki) 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?!1. 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 (UHGP) that are homologous to
EcAGM, along with experimentally characterized ureohydrolases, to create a sequence
similarity network (SSN) that can visualize clusters of sequences with unique functions
(Figure 6.1C). Annotating the SSN, using the characterized ureohydrolases, the SSN
revealed clusters of ureohydrolases, present in the human gut, that likely utilize 3-
guanidinopropioniate, 4-guanidinobutyrate, arginine along with agmatine. 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!!-160:161],

The largest cluster, cluster 2, of gut sequences in the SSN contains a separate
subfamily 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 6.1C). 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 (Supp. Fig. A.14). In addition, previously characterized agmatinases from
hyperthermophilic archaea, Pyrococcus horikoshii and Methanocaldococcus jannaschii,
were found to be Co?" and Fe?* dependent, respectively, and are also part of the
agmatinase subfamily that includes CbAGM (Figure 6.1C, Supp. Table A.7)!162:163],
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After assessing the possible functional landscape of ureohydrolases in the human
gut, a select set of sequences were screened for inhibition by metformin that could
represent most of the sequence space. No metabolism of metformin was found for any
gut or human ureohydrolase homolog tested (see Appendix A.1). The screening found no
significant inhibition (Ki < 50 mM) by metformin with ureohydrolase function other than
agmatinase (Fig. 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 Ki of 1.1 mM. Comparing the kinetic parameters of the two enzymes, ECAGM has
more than 350 fold higher kcat but similar Km compared to CbAGM (Figure 6.1D). The
cluster of sequences in the SSN that contains CbAGM, or CbAGM-like sequences, are
encoded primarily in Clostridria and Negativicutes microbes (ex. Clostridium,
Faecalibacterium, Ruminococcus) that are obligate anaerobes whereas the cluster of
sequences that contains ECAGM-like sequences are encoded in Gammaproteobacteria
(ex. Escherichia, Citrobacter, Klebsiella) that are facultative anaerobes (Figures 6.1C,

6.1E).

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 of the concentration of agmatine in the gut, which has been reported
to be in the micromolar range (ex. 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 (Supp. Fig. A.15)[1®¥ This indicates that
inhibition of ECAGM-like agmatinases by metformin is significant while for CbAGM-

like it appears to be less so.
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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, phenformin, buformin and
metformin’s parent compound, galegine, were tested as competitive inhibitors of
EcAGM. This revealed that phenformin, buformin and galegine were more potent
inhibitors of ECAGM, compared to metformin, with Ki of 0.6, 0.1 and 0.007 mM,
respectively (Figure 6.2A). The potency of the analogs to inhibit E. coli agmatinase
appears to be proportional to their recommended doses to treat type-1I diabetes (Figure
6.2B). The recommended dose for metformin is 1000-2000 mg daily while for
phenformin and buformin the dose is more than fivefold less than metformin!'?l. Galegine
has not been tested clinically but in an experiment by Muller et a/, galegine was

administered to several diabetic patients with doses between 25-100 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 contains 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 modelled 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 6.2C). 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 bond of
galegine may act as a chelator in an n? fashion while the guanidinium nitrogen atoms
could interact with the same ECAGM residues that are mentioned to bind the biguanide

inhibitors (Figure 6.2D).
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Figure 6.2: Inhibition of E. coli agmatinase by metformin analogs. (A) Anti-diabetic
analogs phenformin, buformin and galegine are competitive inhibitors of ECAGM.
Michealis-Menten kinetics were 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 150
mM HEPES pH 7.5, 2 mM MnClz. Error bars denote one standard deviation of the mean
from two technical replicates. Plot lines show the fit to the Michaelis-Menten equation.
The Ki 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 Ki 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-D) Docking of metformin and galegine into the ECAGM
active site. See Supp. Fig. A.16 for docking models of phenformin and buformin.
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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 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 metformin or galegine that were measured at pH 7.5 (Table A.8).
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 human gut, their relative
abundance to the whole microbiome and to each other is not clear. To get a good
estimation 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-II diabetes patients
that were prescribed metformin. The profiling data indicated that the most abundant
microbes containing EcAGM-like sequence are Escherichia, Citrobacter, Klebsiella from
Gammaproteobacteria (Figure 6.3A). While for CbAGM-like cluster, the profiling data
indicated that it is comprised of Clostridiales microbes Faecalibacterium prasunitzii,
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 EcCAGM-like microbes the distribution was more narrow between 0% and 2.5%

(Figure 6.3B).
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Figure 6.3: 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-II 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. (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 EcCAGM-like microbes with
the estimated turnover numbers (Keat) of the enzymes suggests that the majority of gut
agmatinase activity (>90%) is contributed by ECAGM-like enzymes in the gut.
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A comparison of the means of the two distributions suggests that the CbAGM-like
encoding microbes may be more abundant than EcCAGM-like encoding microbes in fecal
samples. Although EcAGM-like microbes may still contribute the majority of gut
agmatinase activity as the turnover number (kcat) of ECAGM at physiological conditions
is several orders of magnitude greater than that of characterized CbAGM-like enzymes
(Figure 6.3C, Supp. Table A.7). More investigation is necessary to understand levels of
gut agmatinase activity in situ and what the likely contributions come from CbAGM-like

and EcAGM-like agmatinases.

Agmatine produced in the gut is derived from decarboxylation of L-arginine in
microbes that encode arginine decarboxylase (ADC). 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 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 6.4). Agmatine deiminase
is a hydrolytic enzyme like agmatinase but is different in that it is not metal-dependent
and yields ammonium and N-carbamoylputrescine as products of the reaction!'®”). N-
Carbamoylputrescine is then transformed into putrescine either by putrescine
carbamoyltransferase (PCT) or N-carbamoylputrescine amidase (NCP) with the latter
being hydrolytic and the former produces carbamoylphosphate that can be used by
carbamate kinase (CK) to yield adenosine triphosphate (ATP) (Figure 6.4)[1*%16°] 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 (Supp. Fig. A.17). Putrescine can be 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
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agmatinase by metformin gives insight that either agmatine, putrescine catabolites or

polyamines are effectors of the drug’s therapy for type-II diabetes (Figure 6.4).
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Figure 6.4: 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
transported into human cells via OCT2 or MATEI 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 (SI Appendix. Fig. 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-II diabetes.
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6.4 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 or agmatine deiminase that also uses
agmatine as a substrate. The agmatinase inhibition constant (Ki) for metformin, at pH 7.5
was around 1 mM which is relevant in the gut where the concentration of metformin is
several millimolar and the lumen pH of the small and large intestines varies between pH

6.5-7.501701,

Inhibition of enzymes in vitro by metformin has been described in several prior
studies but shows less potent inhibition. Metformin competitively inhibits dihydrofolate
reductase (DHFR) from E. coli but with a reported K; of 24 mM!""!], For a human
enzyme, serine hydroxymethyltransferase 2 (SHMT2) showed mixed inhibition by
metformin with a Kj of 13 mM although the concentration of metformin entering the liver
from the portal vein has been measured to be between 10-40 micromolar®!%!. 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 (AMPK) activation, a hallmark
of metformin therapy!'*. However, in the same study biguanide analogs phenformin and
buformin were shown to not act in this same manner as metformin. A few studies report
metformin inhibiting mitochondrial respiration proteins like complex IV in the hundreds
of micromolar but rely on the assumption that metformin can accumulate in the
mitochondria of hepatocytes at concentrations several fold higher than in the

plasmal!*!72],

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 6.4).
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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!!**!7, 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!!l.
Agmatine can bind and is an agonist to human imidazoline receptors (11, I2) in the
micromolar range and it is purported that this may stimulate the therapeutic effects of the
molecule!!”>!7¢]. 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!!7®!,

Metformin does not inhibit agmatine deiminase in the gut which suggests that
agmatine can still be catabolized even with metformin treatment. A study by Kitada et al,
observed that putrescine production in a complex community of gut microbes can be
simplified to a collaboration 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. Agmatine deiminase (AgDI) from
E. faecalis has superior kinetics parameters (Kwm, keat) compared to ECAGM with a Km of
35 uM and keat 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 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
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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 absorbed into

human cells by the human OCT2 and MATEI transporters!!8%),

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 metformin’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
38138 This suggests that inhibition of gut agmatinase activity is not toxic to these
microbes with one explanation being that they are still able to produce putrescine and
polyamines from another pathway via ornithine decarboxylase (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!!8!], 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

371821 Tn the aforementioned study

(SCFA) producing and mucin-degrading microbiotal
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 two-fold. The
acid-resistance mechanism of E. coli suggests that SCFA producers in the gut would also
promote agmatine production!'*”). How metformin-treatment 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.

94



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!!831® Targeted metabolomics of these compounds in the gut and
human tissue is necessary to understand their change in response to metformin treatment.
Testing using gnotobiotic and diabetic mice inoculated with E. coli deficient 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-II diabetes may be to administer agmatine in combination with
metformin, which may not require as high of dosage as that 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, that ferment acid metabolites like lactate and short-
chain fatty acids, lower intestinal pH and may increase agmatine production of E. coli-
like bacteria in the gut and could also be co-administered with metformin/'3”). One other
approach is to develop effective inhibitors of agmatine deiminase to test for type-II

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 the 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%)!186:187] In the human gut microbiome, microbes present in low-abundance have
been shown to be important in causing extensive changes to the overall community,
affecting pathogenicity and secondary metabolism!'%8]. Quantitative polymerase chain
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reaction (qQPCR) may be a great tool to detect the MfmAB genes in fecal samples and

determine if gut drug metabolism may be present.
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Chapter 7

Application and Future Research

7.1 Treatment advances for metformin therapy

Metformin treatment is effective and a relatively inexpensive drug for patients
and while there are many other small molecule drugs out there to treat type-II diabetes,
metformin is exceptional in that there is no risk of causing hypoglycemia unlike other
diabetes drugs. Although, there is room for improvement as metformin comes with
gastrointestinal side effects. The high daily dosage (1-2 g) of metformin is prone to have
off-target effects that include diarrhea, bloating and prolonged usage causes vitamin B12
deficiency!'>?". These side effects are a key problem for keeping patients compliant on

the drug regimen.

The formulation of metformin can control the incidence of side effects while still
maintaining drug efficacy!'®). The main formulation used in developed countries is the
extended release (XR) form of metformin and has less side effects than the immediate
release (IR) version that is cheaper and more available in developing countries!'®’!. These
formulations allow for better toleration of the drug but still require high doses.
Elucidating the mechanism of metformin would provide many more avenues to
improving the therapy. In Chapter 6, gut microbial agmatinase is identified as a target for
inhibition by metformin and other biguanide drugs. Further studies are necessary to
understand how significant agmatinase inhibition is for type-II diabetes therapy. This
would include testing diabetic mice that are gnotobiotic with agmatine-producing
microbes, like E. coli, and see if metformin therapy is controlled by the genotype of the
microbes. If an agmatinase knockout E. coli strain is inoculated in diabetic mice and is
found to be therapeutic (lowers plasma glucose) then this may highly suggest agmatinase
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as a target. In addition, if metformin is administered with the same knockout E. coli strain
to the mice and no improvement is found than this may indicate that metformin is
therapeutic solely through agmatinase inhibition. A similar study has been done looking

101381 To better understand metformin and

into metformin and aging in a C. elegans mode
agmatinase in the human context, targeted metabolomics of patients administered
metformin would be ideal to quantify agmatine and its catabolites in the gut and
bloodstream. This would potentially reveal large cascade effects of agmatinase inhibition
in the human gut and identify consistent trends in accumulation of agmatine or reduction

in downstream catabolites and polyamines.

If agmatinase is an important drug target, then its protein structure would be a
clear basis to design more potent analogs with a similar safety profile. A boronic acid
analog of agmatine could be tested and would likely be very potent. This has been done
for the enzyme arginase where boronic acid analogs have been reported to be effective at
nanomolar concentrations®!). The likely important criteria for designing a new inhibitor
are that the molecule needs to be highly polar to limit intestinal absorption, have tight
binding to the target and be relatively inexpensive to make. Achieving all three of these
criteria may be difficult but is a clear direction to move towards for metformin drug

development.

Another avenue is supplementation of agmatine or probiotics with metformin that
may be synergistic and could allow for reduced drug dosage. There is already evidence
where synergy is observed for metformin and agmatine in treating diabetic mice to lower

1741 Probiotics and metformin co-

blood glucose and treat impaired cognition!
administration has been tested clinically in many studies and, in summary, shows
moderate benefits in glycemic control and great benefits in reducing incidence of
gastrointestinal side effects!!*’l. The probiotics used in most of these clinical studies were

predominantly Lactobacillus and Bifidobacteria which are both known for fermenting
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{1137

acidic products and modulating the luminal pH of the gut!'*”ls. These probiotics may be

beneficial in promoting agmatine production in the gut as it is part of the acid-resistance

1371, A possible clinical trial to establish is to have agmatine

mechanism of E. colil
producing microbes like E. coli to be used as a probiotic. This has not been tested
clinically at the time of writing this dissertation and if tested may cause strong effects for
patients. The E. coli strain Nissle 1917 is extensively used as a probiotic and has been

11 Co-administering metformin with

found to lower blood glucose in healthy mice!
Nissle 1917 may be an interesting clinical trial to establish and potentially observe strong

synergy in treating type-II diabetes.
7.2 Discovering gut drug targets at wastewater treatment plants

The journey of this hypothesis driven research throughout this dissertation has
been an interesting path. Initially, the goal of this dissertation was to identify metformin
metabolizing enzymes in wastewater microbes which would help us find gut metformin
metabolism potentially and probe the therapeutic mechanism. However instead we found
a connection between metformin metabolizing enzymes and homologous enzymes that
metformin can competitively inhibit but not be degraded by. This surprising connection
possibly makes one wonder if this could be applied to other oral pharmaceuticals and
identify any gut targets. Understanding gut-drug metabolism could explain the variation
of side effects that occur from patient to patient!'®). There are many drugs that have
therapeutic mechanisms or side effects associated with gut microbiomes®®. Metagenomic
studies have provided some insight into which microbes are affected but actual drug
targets remain elusive. One example is acetaminophen, a drug that is generally used for

[192

pain relief but still has an unknown mechanism!'®%). As acetaminophen and many

pharmaceuticals enter wastewater it is likely that wastewater microbes see these

105

compounds and possibly metabolize them!!%]. Investigating the wastewater microbiome

as opposed to the gut microbiome has benefits in that the wastewater microbes may be
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easier to cultivate and sampling is not as invasive as human fecal sample collection.
Potentially the findings found in this dissertation may encourage other scientists to use a
similar approach to translate findings in wastewater to tackle the elusive problems found

in pharmacomicrobiomics!!*?l.

7.3 Conclusions

The findings in this dissertation establish a great foundation for future research in
wastewater and gut microbiomes as it pertains to metformin. The process of wastewater
treatment in the distant future could be augmented with engineered microbes encoded
with the metformin-degrading genes. This may be necessary if treated water needs to be
fed back into the water supply on a faster time scale. Future work looking at type-II
diabetes and gut microbiomes may generate significant findings from the hypothesis
developed in this dissertation which finds gut microbial agmatinase a target of
metformin. The impact of this work could affect every patient treated with metformin of
which there are several hundred million people worldwide. Healthy people are even
considering taking this drug as a supplement to slow the aging process which may make

193] Metformin is a wonder

this research important in advancing human health in general'
drug and the hope is this dissertation makes progress in revealing the therapeutic

mechanism that has remained elusive for over a century.
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Appendix A

Supplementary Information

A.1 Supplementary methods:

Cloning, expression and purification of ureohydrolase homologs

The agmatinase from Pseudomonas aeruginosa guanidinopropionase (GpuA,
WP _003112934.1), Enterococcus faecalis agmatine deiminase (AgDI,
WP _002363185.1), and human arginase 1 (ARG1, NP_000036.2) were codon-optimized
and cloned into Escherichia coli BL21 DE3 cells (New England Biolabs) using a pET28
vector derivative with kanamycin resistance. The genes were cloned with a N-terminal a
6x His-tag and inserted, by Gibson assembly, into the multiple cloning site using the Ndel
and HindlII restriction sites. 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 Ai-
24/A331-354 and AGMAT A1.35 were made as done in prior studies and codon-optimized,

cloned in the same procedure as abovel!6%1611,

The proteins were expressed by growing cells in terrific broth (TB) medium
supplemented, with 0.5 mM MnSOs4 (for ARG1, GpuA, ARG2) or without metal (AgDI),
and 50 pg/mL kanamycin at 37°C and 200 rpm to an ODsoo of 0.6 in a shake flask. The
culture was cooled to 16°C and induced with 1 mM isopropyl B-D-1-
thiogalactopyranoside (IPTG) and, with the same agitation, incubated for 20 hours. Cell
pellets were harvested by centrifugation at 1,500 x g for 20 min and stored at —80°C.
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The soluble expression of AGMAT A1-35 required the co-expression of GroES-
GroEL chaperones using a co-transformed plasmid, pGro7 (Takara Bio) with
chloramphenicol resistance and expression induced by arabinose!!*Y. AGMAT was
expressed by growing cells in TB medium, supplemented with 0.5 mM MnSOs4, and 50
pg/mL kanamycin and 30 pg/mL chloramphenicol at 37°C and 200 rpm to an ODeoo 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 one hour later, AGMAT was induced with 1
mM IPTG and, with the same agitation, incubated for 20 hours. 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 NacCl, 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 then clarified by
centrifugation at 20,000 x g for one hour. 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. 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 incubating 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.

HPLC analysis for metformin transformation

A reversed-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
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column and an isocratic mobile phase of 75:25 (v/v) acetonitrile:10 mM potassium
phosphate buffer pH 6.6[!19114]. To determine if metformin could be transformed by
enzymes EcAGM, CbAGM, GpuA, AGMAT, ARG1 and ARG2, 1 mM metformin was
incubated with 10 ug 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.
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 dehydrogenase (GDH) to reductively aminate 2-oxoglutarate to form L-
glutamate, which causes NADH oxidation that can be measured by absorbance 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 substrate to make a total sample volume of 200 pL. 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-em!. 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.
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A.2 Supplementary figures and tables:
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Figure A.2: Conservation of the metformin degrading operon in microbes characterized

for growth on metformin

i

chromosome, JACHOTO010000005.1

Metformin degradation has been characterized in six Aminobacter and Pseudomonas
strains that have their genomes sequenced to date and show very similar genomic
contexts around the mfimd, mfinB, hypA, hypB genes characterized in this study %1121,
Along with these genes, there are several other genes that are co-occurring in all the
strains: A putative metformin transporter (codB), nickel transporter (ureJ) and
transcription factors (XRE and fefR) are highly conserved. The protein sequences of each
gene were aligned to the corresponding, homologous sequence in Pseudomonas
mendocina sp. MET-2 and the percent sequence identities are reported. Interestingly,
several Aminobacter strains, including Aminobacter niigatensis DSM 7050 do not grow
on metformin but contains the same set of genes as the other strains (see Figure S10) [,
The DSM 7050 strain has ~93% seq. id. with the MET-2 strain while the other metformin
degrading strains share >97% seq. id with MET-2. NCBI accession identifiers for MfmA
protein sequences are labeled above the mfinA4 genes and the nucleotide accession IDs are
labeled next to the strain names.
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Figure A.3: Stained, denaturing polyacrylamide gels of MfmAB proteins

(A) Expression of MfmA and MfmB, individually and together in E. coli lysates. There
was no significant expression of MfmA in the soluble (sol.) or insoluble (insol.) fractions
of the lysate when comparing cultures induced (ind.) or uninduced (unind.) with IPTG.
Significant, soluble expression of MfmB was observed in the lysate and slight over-
expression was observed for the co-expressed MfmAB construct. (B) Purification of
MfmAB using Ni-NTA chromatography. The gel lane labeled by a dashed box was the
lane used in Fig. 1C of the main text. (C) Purification of MfmAB variants.
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Figure A.4: '"H NMR spectra of metformin, dimethylamine and transformation of
metformin by MfmAB in D20. NMR spectra of metformin hydrochloride and
dimethylamine hydrochloride in D20

Two shifts were observed for each compound, one corresponding to the water peak that
also contain exchangeable protons (Ha) labeled in blue, and a second shift corresponding
to methyl protons upfield (Hv and Hc) labeled in red. (A) Spectrum of metformin
hydrochloride (50 mM) in 50 mM ammonium formate pH 8.5 buffer with 20% (v/v)
D20. (B) Spectrum of dimethylamine hydrochloride (50 mM) in 50 mM ammonium
formate pH 8.5 buffer with 20% (v/v) D20. (C-D) Spectrum of metformin hydrochloride
(50 mM) in 50 mM ammonium formate, 200 mM NaCl pH 8.5, 1 mM NiClz with 20%
(v/v) D20 before (—MfmAB) and after the addition of 200 pg purified metformin

hydrolase (+MfmAB) after one hour.
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Figure A.5: Temperature dependence of activity of MfmAB working on metformin

(A) Temperature-Activity dependence of MfmAB. 15 mM metformin hydrochloride was
incubated at various temperatures in 50 mM HEPES, 1 mM NiCl: pH 8 before purified
MfmAB was added and the reaction sampled after one minute. (B) Arrhenius plot from
temperature-activity data showing the linear fit and the estimated activation energy of
metformin hydrolysis catalyzed by MfmAB. Error bars denote one standard deviation of
the mean from averaging two technical replicates.
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Figure A.6: Coupled enzyme assay development for measuring MfmAB kinetics

(A) Coupled enzymes used in continuous, spectrophotometric assay. Guanylurea
produced by MfmAB during metformin hydrolysis, or from other biguanides, can be
hydrolyzed by guanylurea hydrolase (GuuH) to form ammonia and guanidinium. The
ammonia generated can then be used in reductive amination of 2-oxoglutarate to form
glutamate by bovine glutamate dehydrogenase (GDH) which uses NADH as a cofactor.
The oxidation of NADH in the GDH reaction can be measured, spectrophotometrically
by absorbance at 340 nm. (B) Comparison of activity measurements by HPLC and the
coupled enzyme assay. Using HPLC, rates of metformin consumption (cons.) and
guanylurea formation (form.) can be observed in the presence of MfmAB and are
comparable to the rate measured by the coupled enzyme assay. (C) Coupled enzyme
assay development. The coupled enzymes, GuuH and GDH, were added in great excess,
compared to MfmAB, to observe metformin hydrolysis, catalyzed by MfmAB. Adding an
additional molar equivalent of GuuH or GDH, to the assay mixture used in this study, did
not increase the reaction rate observed. Only adding GuuH or GDH individually saw a
very slow rate that can be attributed to background NADH oxidation. (D) MfmAB
enzyme loading is directly proportional to the activity observed in the coupled enzyme
assay. Error bars denote one standard deviation of the mean from averaging two technical
replicates.
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Figure A.7: Multiple sequence alignment of MfmA and homologous sequences with
sequence identity greater than 60%

Obtaining a set of sequences using this sequence threshold (>60%) was considered with
the assumption that these sequences could all share the same function while being
divergent enough to highlight highly conserved active site residues. Positions in the
alignment that are boxed in red were subject to mutagenesis in MfmA and these were
chosen due to their high conservation in this set of sequences and also structurally they
are located in the active site. Residue numbering is based on the sequence of MfmA.
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Figure A.8: Overlay of omit maps of the active site binuclear metals for MfmAB
wildtype and the MfmA/D188N MfmB variant

Fo-F. difference density maps contoured at 56 shown as green and gray mesh for
MfmA/D188N and MfmAB WT, respectively. The omit maps for the nickel atoms
(shown as green spheres) show that the MfmA/D188N variant only has occupancy for
one of the two metal binding sites. For the MfmAB wildtype, both sites are occupied.
Additional density is observed between the metal binding sites and is modeled as a water
molecule shown as a red sphere.
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Figure A.9: Sequence similarity network (SSN) of protein sequences related to MfmA
and MfmB from NCBI and UniProt databases

(A) SSN of 10,000 related sequences to MfmA from the ureohydrolase superfamily.
MfmA and MfmB sequences cluster together and both are distantly related (<30% seq.
id.) to characterized enzymes guanidinium hydrolase, guanidinobutyrase, proclavaminate
amidinohydrolase and agmatinase in the ureohydrolase superfamily. Protein sequences
found in the Human Microbiome Project’s catalog of gastrointestinal microbes are also
annotated 1?%). SSN built using EFI-EST with a cutoff of E=65. (B) SSN of the MfmA
and MfmB protein sequence clusters. Sequences in these clusters predominantly come
from marine or freshwater samples. It is important to note that some of these sequences in
the clusters of MfmA and MfmB come from Aminobacter isolates that do not grow on
metformin as a carbon or nitrogen source. SSN built using EFI-EST with a cutoff of
E—67.
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Figure A.10: Disordered N-terminal loop of MfmB may play a role in gating the active
site of MfmA

Residues 16-24 of MfmB chains could not be resolved in x-ray crystal structures (black
dashes). An AlphaFold model for this loop region considers the prediction to be low (50-
60 pLDDT) and suggests that residues in this loop do not likely interact with the substrate
in the MfmA active site [!2°], Instead, this loop may be involved in the gating of substrates
and products.
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Figure A.11: Evolution of MfmAB from close homologs that are not active on metformin

(A) Multiple sequence alignment of MfmA with closely homologous sequences (>92%
seq. id.) that are encoded in genomes from organisms that can grow (+) or not grow (—)
on metformin as the sole carbon or nitrogen. The alignment reveals 14 residues that are
different in MfmA compared to homologs that are likely not active on metformin.
Substitutions on one active site loop (residues 289-291) stands out. Residue numbering is
based on the sequence of MfmA. The names of the strains that did not grow on
metformin as the sole carbon source were Aminobacter niigatensis DSM 7050
(MBB4651923.1), Aminobacter sp. Root100 (KQU76484.1), Aminobacter niigatensis
MSH1 (AWC25030.1) and Aminobacter aganoensis DSM 7051 (MBB6354842.1) [110],
n.d — not determined. (B) Mutation positions between MfmA and putative homologs that
are not active on metformin are globally distributed. The mutation positions are shown as
red and orange spheres displayed onto MfmA. (C) Overlay of active site loops from
MfmA and the putative homolog from Aminobacter niigatensis DSM7050. Three residue
positions N289, S290 and A291 of MfmA may provide contacts within 3.5 A of
metformin, according to the docking model. These positions are mutated in the DSM
7050 variant that is predicted to not be active on metformin.
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Figure A.12: Putative mechanism of metformin hydrolysis catalyzed by MfmAB

The catalytic residue, D188 of MfmAB, is proposed to abstract the proton from the
hydroxide bound by the binuclear metals thereby activating hydroxide to attack
metformin. The abstracted proton could then be involved in being transferred to the
dimethylamine leaving group to promote its elimination, completing the enzyme
turnover. The Michaelis complex is proposed to have metformin in a pre-attack
conformation where the molecule is contorted to make it more prone to nucleophilic
attack by water. This contortion could be stabilized by substrate binding residues E321
and N200 and the binuclear metals.
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Figure A.13: Size exclusion chromatography of metformin hydrolase

Overlay of chromatograms of protein standards with known molecular weight (blue) and
purified metformin hydrolase (red). Metformin hydrolase (MfmAB) eluted with a
apparent molecular weight of 179 + 3 kDa. The protein standards used for the calibration
curve were bovine thyroglobulin (670 kDa), bovine y-globulin (158 kDa), chicken
ovalbumin (44 kDa) and equine myoglobulin (17 kDa).
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Figure A.14: Metal-activity dependence of CbAGM

Enzyme stripped of metal was reconstituted with 200 pM of various metals and indicates
that the enzyme is most activated with Ni** and Co?" cations. Activity was measured in
the presence of 1 mM 2-mercaptoethanol in 100 mM HEPES-NaOH pH 7.5, 10 mM
agmatine using the urea colorimetric assay. Error bars indicate one standard deviation of
the mean from averaging of two technical replicates.
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Figure A.15: Modelling of agmatinase inhibition assuming steady state kinetics

(A) Inhibition kinetics assuming steady state. (B) Agmatinase inhibition versus
metformin concentration. Assuming a steady state concentration of 20 pM for agmatine,
at 5 mM metformin ECAGM and CbAGM are inhibited by 83% and 27%, respectively.

™ buformin

Figure A.16: Docking models of buformin and phenformin in the active site of ECAGM

(A,B) The models suggest that some of the inhibitor guanidinium atoms have polar
contacts with residues T242, T244 and E274 of ECAGM and other guanidinium atoms
chelate the binuclear manganese in the active site.
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Figure A.17: Metformin and galegine do not inhibit agmatine deiminase from
Enterococcus faecalis

Activity measured with purified AgDI in 50 mM HEPES-NaOH pH 7.5 using the GDH
coupled enzyme assay. Error bars indicate one standard deviation of the mean from
averaging of two technical replicates.
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Table A.1: Growth of Pseudomonas mendocina strain GU in different nitrogen rich
compounds similar to guanylurea or containing the guanylurea moiety

compound generation time (min)
guanidine 81

urea 92

N-free no growth

metformin no growth

agmatine 66

cyanoguanidine no growth

guanylurea 44
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Table A.2: Number of genes in common and sequence commonality between P.
mendocina strains GU and ymp genome-encoded proteins

Number of genes in P, % Identity to P. mendocina | % of similar genes (out of
mendocina strain GU (out | corresponding gene in 5378 predicted coding
of 5378 predicted coding strain ymp genes)
genes) similar to strain
ymp
4175 >95% 77.6%
106 90-94.9% 2.0%
41 80-89.9% 0.8%
24 70-79.9% 0.4%
24 60-69.9% 0.4%
40 50-59.9% 0.7%
77 40-49.9% 1.4%
165 30-39.9% 3.1%
61 20-29.9% 1.2%
665 Larger genome has no 12.4%
match in strain ymp

Table A.3: Activity of biuret hydrolase, BiuH, measured by ammonia release (Berthelot
reaction) of wild-type (WT) and Q212E mutant with biuret and guanylurea

Variant biuret guanylurea
specific activity (U/mg) specific activity (U/mg)
Herb. sp. BH-1 BiuH WT 12+1 n.d
Herb. sp. BH-1 BiuH Q212E 0.25+0.01 0.35+0.02

n.d —not detected; 1U = 1 umol substrate/min at pH 8.0 and 25°C with 1 mM substrate
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Table A.4: Substrate specificity of MfmAB

50 mM specific activity specificity
substrate (umol/min/mg) ratio
metformin 4.55+0.09 1
buformin 0.018+0.0007  3.9x1073
1,1-dimethylguanidine 0.01410.0003 3.1x1073
methylguanidine 0.00404+0.00006  8.9x10~*
phenformin 0.0039+0.0004 8.6x10~*
1-methylbiguanide 0.0037+£0.00026  8.1x 1074
biguanide 0.00234+0.00047  5.0x10~4
guanylurea 0.0011+£0.00015  2.3x1074
arginine 0.0005340.000048 1.2x104
guanidine 0.00031£0.00017  6.7x107°
agmatine 0.0001440.000014  3.1x107°
4-guanidinobutyric acid n.d
creatine n.d

n.d - not detected

Activity values are shown as the mean and one standard deviation from averaging two
technical replicates.

Table A.5: Kinetic parameters of MfmAB and with His-tag cleaved

Enzyme Substrate K7 (uM) ke (178)  keat/Kar M~ 1s7h

MfmAB metformin 530460  5.240.1 9.84+1.8x10?
MfmAB CleavedHis metformin 486443 5.940.1 1.240.4%104

MfmAB - Pseudomonas mendocina sp. MET-2 metformin hydrolase
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Table A.6: Summary of X-ray data collection and refinement for MfmAB

PDB 8SNF 8SP2 8SNK
Crystal MfmAB + 0.25mM NiCly MfmAB MfmA/D188N MfmB
Data collection
Beamline 23-ID-D 24-ID-E 23-ID-D
Wavelength (4) 1.033 0.979 1.033
Space Group P1 P1 C2
Dimension a, b, ¢ (A) 83.4,96.4,96.7

Dimension «, 3, v (°)
Resolution (A)

No. observed reflections

103.5, 107.9, 114.5

102.7, 162.3, 152.7
93.4,97.6, 98.1

90.0, 101.1,90.0
74.61-2.20(2.30—2.20)* 80.00—1.85(1.95—1.85)

115.5, 106.2, 101.1
81.53—2.30(2.40—2.30)°
238631 (28597)

461309 (55575) 931929 (137582)
No. unique reflections 99100 (11503) 224389 (27288) 206743 (30240)
Rineas (%) 5.0 (34.4) 5.5 (83.6) 8.3 (52.7)
CC(1/2) 0.998 (0.960) 0.999 (0.745) 0.998 (0.937)
Ilo 13.30 (3.07) 12.75 (1.59) 10.49 (2.84)
Completeness (%) 91.3 (88.6) 91.2 (89.0) 99.2 (99.8)
Redundancy 2.41 (2.49) 2.06 (2.04) 4.51 (4.55)
Refinement
Resolution (A4) 2.30 2.20 1.85
Ruork/R free 0.1719/0.2194 0.2125/0.2570 0.1885/0.2197
No. atoms
Protein 15458 31104 15438
Ligand/Ion 4 8 2
Water 330 910 1456
Mean B-factors (AQ) 78.0 50.9 29.0
R.m.s deviations
Bond lengths A 0.007 0.005 0.009
Bond angles (°) 1.45 1.31 1.61
Ramachandran plot (%)
Core 95.4 96.1 96.5
Allowed 4.3 34 33
Disallowed 0.4 0.4 0.2
% Numbers in parentheses refer to the highest-resolution shell
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Table A.7: Kinetic parameters of CbAGM-like agmatinase enzymes

agmatinase metal pH T(CC) Ky (mM) ke (min~)  kea/Kyr M~ 1s™1) ref
C. butyricum  Ni*T 7.5 25 0.68+0.13  0.32+0.01 7.8 this study
M. jannaschii Fe*t 9.3 70 24+1.2 34+5.2 2.3x10? Miller et al
7.5 25 <2 (est.) estimate
P. horikoshii ~ Co** 11 50 0.53 46.5 1.5x10% Goda et al
7.5 25 <2 (est.) estimate

references: Miller et al''®’l; Goda et all
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Table A.8: Metformin and galegine inhibition of E. coli agmatinase at various pH

pH Ky (mM) k.o (min™h)  K; (mM) metformin  K; (mM) galegine

6.5 4.96+0.59
7.5 0.718+0.089
8.5 0.148+0.019

75.1£0.9 1.18+0.15 0.00803+0.00593
12043 1.14£0.12 0.00748+0.00212
18012 1.25+0.10 0.00859£0.00346

158



