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Advanced piperazine-containing inhibitors target
microbial b-glucuronidases linked to gut toxicity†
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The gut microbiome plays critical roles in human homeostasis, disease progression, and pharmacological

efficacy through diverse metabolic pathways. Gut bacterial b-glucuronidase (GUS) enzymes reverse host

phase 2 metabolism, in turn releasing active hormones and drugs that can be reabsorbed into systemic

circulation to affect homeostasis and promote toxic side effects. The FMN-binding and loop 1 gut microbial

GUS proteins have been shown to drive drug and toxin reactivation. Here we report the structure–activity

relationships of two selective piperazine-containing bacterial GUS inhibitors. We explore the potency and

mechanism of action of novel compounds using purified GUS enzymes and co-crystal structures. Our

results establish the importance of the piperazine nitrogen placement and nucleophilicity as well as the

presence of a cyclohexyl moiety appended to the aromatic core. Using these insights, we synthesized an

improved microbial GUS inhibitor, UNC10206581, that potently inhibits both the FMN-binding and loop 1

GUS enzymes in the human gut microbiome, does not inhibit bovine GUS, and is non-toxic within a

relevant dosing range. Kinetic analyses demonstrate that UNC10206581 undergoes a slow-binding and

substrate-dependent mechanism of inhibition similar to that of the parent scaffolds. Finally, we show that

UNC10206581 displays potent activity within the physiologically relevant systems of microbial cultures and

human fecal protein lysates examined by metagenomic and metaproteomic methods. Together, these

results highlight the discovery of more effective bacterial GUS inhibitors for the alleviation of microbe-

mediated homeostatic dysregulation and drug toxicities and potential therapeutic development.

Introduction

The human gut microbiome is a collection of trillions of microbes
that inhabit the human gastrointestinal (GI) tract and play
significant roles in the metabolism of dietary components, endo-
biotics, xenobiotics, as well as the regulation of host immunity.1–3

Decades of research harnessing ‘omics’ techniques have allowed
us to better understand which bacterial taxa are abundant within
the human gut microbiome and how they may contribute to
homeostasis and disease. Gut microbial taxa have been linked to
variations in xenobiotic and hormone metabolism with important
pharmacological and homeostatic implications.1–4 Specific micro-
bial enzymes can alter the efficacy of chemotherapeutics and
immunotherapy that may influence treatment outcomes during
and after the FDA-approval process.5–8 The remarkable variability
in the composition of the gut microbiota and the enzymes they
produce has contributed to our incomplete understanding of its
role and significance in human health and disease.9–11

One such microbial enzyme family that has been directly
connected to host homeostasis and chemotherapeutic efficacy

a Department of Pharmacology, University of North Carolina, Chapel Hill,

North Carolina, USA
b Department of Chemistry, University of North Carolina, Chapel Hill,

North Carolina, USA. E-mail: redinbo@unc.edu
c Center for Integrative Chemical Biology and Drug Discovery, Division of Chemical

Biology and Medicinal Chemistry, UNC Eshelman School of Pharmacy, University

of North Carolina, Chapel Hill, North Carolina, USA
d Division of Gastroenterology and Hepatology, Department of Medicine, Center for

Gastrointestinal Biology and Disease, and the Lineberger Comprehensive Cancer

Center, University of North Carolina at Chapel Hill, Chapel Hill, NC, USA
e Department of Biochemistry and Biophysics, University of North Carolina, Chapel

Hill, North Carolina, USA
f UNC Proteomics Core Facility, Department of Pharmacology, University of North

Carolina at Chapel Hill, Chapel Hill, NC, USA
g Department of Bio-organic Synthesis, Leiden Institute of Chemistry, Leiden

University, Leiden, The Netherlands
h Department of Pharmacological Sciences, Icahn School of Medicine at Mount

Sinai, New York, NY, USA

† Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d4cb00058g

‡ These authors contributed equally to this work.

Received 3rd March 2024,
Accepted 1st July 2024

DOI: 10.1039/d4cb00058g

rsc.li/rsc-chembio

RSC
Chemical Biology

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
ju

li 
20

24
. D

ow
nl

oa
de

d 
on

 2
02

6-
03

-0
9 

09
:1

0:
16

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

https://orcid.org/0000-0001-8455-1755
https://orcid.org/0000-0002-4577-2448
https://orcid.org/0000-0001-6976-7005
https://orcid.org/0000-0002-2387-3862
https://orcid.org/0000-0003-0814-5346
http://crossmark.crossref.org/dialog/?doi=10.1039/d4cb00058g&domain=pdf&date_stamp=2024-07-15
https://doi.org/10.1039/d4cb00058g
https://doi.org/10.1039/d4cb00058g
https://rsc.li/rsc-chembio
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cb00058g
https://pubs.rsc.org/en/journals/journal/CB
https://pubs.rsc.org/en/journals/journal/CB?issueid=CB005009


854 |  RSC Chem. Biol., 2024, 5, 853–865 © 2024 The Author(s). Published by the Royal Society of Chemistry

are gut bacterial b-glucuronidases (GUSs). These proteins hydro-
lyze the glucuronic acid (GlcA) appended to hydrophobic mole-
cules by human uridine diphosphate glucuronosyl transferases
(UGTs) within the liver and other metabolic tissues. This phase 2
metabolic process driven by UGTs improves solubility by attach-
ing a GlcA to promote subsequent detoxification and excretion
(Fig. S1a, ESI†). After conjugation, many glucuronidated meta-
bolites are sent to the gut for elimination. However, while in the
intestines they encounter gut microbiota expressing structurally
diverse GUS enzymes that are capable of removing the inactivat-
ing glucuronide, releasing the original compound that can be
further metabolized, act locally within the intestinal lumen, or
be reabsorbed into systemic circulation (Fig. S1a, ESI†).12 Such
reactivation and reabsorption processes have the potential to
impact homeostasis and drug pharmacology.

The gut microbial GUS enzyme family is structurally and
functionally diverse. Numerous distinct oligomerization states
and active site-gating loops enable GUS enzymes to process highly
distinct substrates ranging from small molecule glucuronide
conjugates to large polysaccharides.13–15 Based upon these loop
regions and other structural features, GUS enzymes have been
classified into eight distinct functional categories.15,16 While
human fecal metagenomics data have defined the genes that
encode for the full scope of GUS structural classes, this informa-
tion has not been found to correlate with the GUS activities
present in donor samples. However, metaproteomic data from
the same samples have identified and quantified GUS protein
levels that do correlate with substrate-specific activities, and
these results have shown that loop 1 and FMN GUSs are the
most relevant for small molecule glucuronide processing
(Fig. S1b, ESI†).17 These two structural classes of bacterial GUS

preferentially reactivate a range of xenobiotic and hormone
glucuronides. For example, loop 1 GUS enzymes efficiently pro-
cess the glucuronide conjugates of the active moiety of the
chemotherapeutic irinotecan (SN-38), the consumer products
toxin triclosan, and the non-steroidal anti-inflammatory drug
(NSAID) diclofenac, in turn promoting GI toxicity and gut epithe-
lial cell damage (Fig. 1A).6,18–21 Similarly, FMN GUS enzymes
preferentially reactivate the immunosuppressant mycophenolate
(MPA-G), the chemotherapeutic regorafenib, and also process
triclosan-glucuronide (Fig. 1A).17,19,22 Thus, the development of
a small molecule GUS inhibitor that is specific for and potent
against both loop 1 and FMN GUS enzymes has been of consider-
able interest.

The first generation of selective bacterial GUS inhibitors,
(e.g., inhibitor 1, UNC10201652, and UNC4917) were identified
via high throughput screening using the loop 1 GUS derived
from E. coli and subsequent medicinal chemistry efforts.23,24

These inhibitors displayed selectivity for bacterial GUS and
were non-toxic, setting the stage for non-antibiotic approaches
to modulating the metabolic output of the gut microbiome.
More recent efforts exploring UNC10201652 and UNC4917
defined a consistent mechanism of inhibition using kinetic
and structural analysis, demonstrating a unique slow-binding
and substrate-dependent mechanism via catalytic interception
by the conserved piperazine moiety in each compound (Fig. 1B
and C).23 Moreover, these GUS inhibitors have been shown to
alleviate the GI toxic side effects of irinotecan in mice, which
significantly enhances tumor regression by reducing dose-
limiting intestinal damage.18

Here we discuss the structure–activity relationships (SAR)
around UNC10201652 and UNC4917, which display the most

Fig. 1 Metabolite reactivation by GUSs causes GI toxicity and extant inhibitors, their slow-binding mechanism, and binding pose. (A) Well-established
examples of substrates that are reactivated in the gut by L1 and FMN GUS and cause GI toxicity as well as additional dose-limiting side effects. (B)
Proposed mechanism of substrate-dependent catalytic interception by GUS inhibitors in the GlcA binding pocket. (C) Binding pose and highlighted
moieties of UNC10201652 in the GlcA binding pocket of L1 GUS. Cp, Clostridium perfringens; FMN, flavin mononucleotide; GI, gastrointestinal; GlcA,
glucuronic acid; L1, loop 1; MPA, active form of mycophenolate; MPAG, mycophenolate glucuronide; pNPG, 4-nitrophenyl-b-D-glucopyanoside; SN-38,
active form of irinotecan; SN-38-G, irinotecan-glucuronide.
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promising non-specific loop 1 GUS inhibition, slow-binding
kinetics, selectivity for microbial GUS enzymes, and efficacy
in mouse models.18,23 We synthesized related analogs and
measured their activities against distinct bacterial loop 1 GUSs
that are present in the human gut microbiome. These studies
validate that the piperazine is essential for potent bacterial GUS
inhibition and show that any modification to this moiety
reduces potency; however, modification to other regions of
UNC10201652 and UNC4917 moderately improved potency
and enabled improved pan-activity among bacterial GUS
enzymes. Our most potent analogs efficiently inhibit GUS in
E. coli cells without reducing cell viability while maintaining
selectivity against closely related proteins. Of all analogs tested,
UNC10206581 demonstrated the most favorable time-depen-
dent properties and greatest efficacy against the loop 1 and
FMN structural classes of GUS enzymes, which we show by
proteomics are the most prevalent and abundant in human
fecal samples. Finally, extant and novel crystal and co-crystal

structures reveal key differences in GUS loop structures that
dictate inhibitor potency and selectivity, further supporting
the unique substrate-dependent slow-binding mechanism of
these compounds. Together, our findings define the molecular
features that enable potent inhibition of both the loop 1 and
FMN gut microbial GUS enzymes and highlight several promis-
ing candidates for further tool compound and even therapeutic
development.

Results
Piperazine moiety is essential for potent GUS inhibition

We embarked on an SAR campaign to better understand the
structural requirements for inhibition and to determine what
changes improve potency and/or alter selectivity against GUS
enzymes. We modified the UNC10201652 (1) and UNC4917 (13)
GUS inhibitor scaffolds at three key positions (R1, R2 and R3,

Table 1 Changes to the piperazine moiety of UNC10201652 leads to reduction in potency

# Name R1 R2 Ec GUS Ee GUS Cp GUS Sa GUS

1 UNC10201652 108 � 8 127 � 9 60 � 10 600 � 200

2 UNC4510 10 000 � 2000 30 000 � 2000 5000 � 1000 14 000 � 1000

3 UNC4601 800 � 100 820 � 40 900 � 100 2400 � 400

4 UNC4684 4100 000 4100 000 4100 000 1900 � 400

5 UNC4511 1200 � 800 3800 � 300 2000 � 100 11 200 � 800

6 UNC4540 2600 � 400 21 000 � 1000 3200 � 600 11 000 � 300

7 UNC4351 10 200 � 800 8000 � 1000 6000 � 1000 40 000 � 10 000

8 UNC4365 4100 000 4100 000 4100 000 4100 000

9 UNC10201651 4100 000 4100 000 4100 000 4100 000

10 UNC10206579 100 � 20 123 � 4 32 � 2 300 � 30

11 UNC10206577 70 � 10 118 � 4 49 � 2 700 � 90

12 UNC10206581 29 � 6 88 � 8 34 � 2 770 � 90

Parent scaffold data is highlighted in bold. p-Nitrophenyl-b-D-glucuronide was used as a substrate. Cp, Clostridium perfringens, Ec, Escherichia coli;
Ee, Eubacterium eligens GUS; Sa, Streptococcus agalactiae.
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Fig. 1C, Table 1 and Table S1, ESI†) in a systematic fashion. We
assessed half-maximal inhibitory concentration (IC50) values
for all synthesized analogs using a reporter substrate (p-
nitrophenyl-b-D-glucuronide; pNPG) assay.14,23 Even within a
structural class of GUS enzymes, we have observed that differ-
ences in residues immediately surrounding the active site and
in neighboring loops contribute to differential substrate pro-
cessing efficiencies and inhibitor binding. As we sought to
understand the SAR of our new compounds in the context of
extant co-crystal structures, we initially screened our inhibitors
against a panel of loop 1 GUS enzymes. In particular, we
assessed the inhibition of four loop 1 GUS enzymes represen-
tative of the human fecal microbiome that exhibit relatively low
sequence identities: Escherichia coli GUS (Ec), Streptococcus
agalactiae GUS (Sa), Clostridium perfringens GUS (Cp), and
Eubacterium eligens GUS (Ee) (Fig. S2a, ESI†).23,25

An extant co-crystal structure of the parent compound,
UNC10201652 (1), bound to Ee GUS reveals GlcA within the
active site as an N-linked adduct to the piperazine (Fig. 2A and
B, PDB 8GEN). This covalent interaction between the substrate
(GlcA) and the nucleophilic secondary amine of the piperazine
emphasizes its importance for GUS inhibition. Thus, we first
synthesized analogs with different cyclic amines and pipera-
zine-like functional groups to better understand the limits of
this covalent bond formation. We found that the addition of
steric bulk to the piperazine ring proved to negatively impact
GUS inhibition. When a methyl was added to the secondary
amine (UNC4510, 2) or the C3 position of the piperazine
(UNC4601, 3 and UNC4684, 4), significant reductions in inhibi-
tor potency was observed across our panel of L1 GUSs (Table 1).
Interestingly, the stereochemistry of the methyl significantly
impacts the degree of inhibition, with the (R) enantiomer (3)
retaining sub-micromolar potency against three of the four
enzymes whereas the (S) enantiomer (4) displayed a complete
loss of inhibitory potential against nearly all loop 1 GUS
enzymes. This stereospecificity can potentially be explained by
the proximity of the piperazine to one of the catalytic glutamates
(E425 in Ee GUS), a key stabilizing contact. The enantiomers may

position the methyl towards nearby E425, causing a steric clash,
disrupting this critical interaction, and leading to reduced
potency (Fig. 2B and Fig. S2b, ESI†).

Furthermore, altering the nitrogen position through expan-
sion of the ring (UNC4511, 5), increasing distance from the core
(UNC4351, 7), or replacing the piperazine with a more flexible
ethyl amine (UNC4540, 6), significantly reduced potency across
our panel of GUSs. This may be attributed to poor placement of
the basic nitrogen within the active site leading to weaker inter-
actions with the catalytic glutamate or a steric clash with GlcA
(Fig. 2B). Lastly, when the nucleophilic nitrogen is replaced by
oxygen or carbon (UNC4365, 8 and UNC10201651, 9, respectively),
inhibitory activity is abolished. Taken together, inhibitor potency
is reduced when the position of the nucleophilic nitrogen in
UNC10201652 (1) is altered or removed (Table 1).

Aglycone binding pocket is tolerant of different functional
groups

We next explored modifications of the morpholine group of
UNC10201652 (1) (Table 1). Replacing the morpholine with a
piperazine (UNC10206579, 10) moderately improved inhibition
(2-fold) for two loop 1 GUS enzymes, Cp and Sa GUS. When
the morpholine is reduced in size to a dimethyl amine
(UNC10206577, 11) or monomethyl amine (UNC10206581, 12),
slight improvements in potency against Ee, Ec, and Cp GUS were
also observed (Table 1).

We next shifted to explore modifications to the UNC4917
(13) scaffold while leaving the piperazine unchanged given its
importance in UNC10201652 (1) (Table S1, ESI†). Similar to
what was observed with analogs 10–12 in Table 1, we found that
substitution at R2 with a morpholine (UNC4785, 17), phenyl
(UNC4708, 19), and hydrogen (UNC4910, 23) were well tolerated
and resulted in minimal changes in potency (Table S1, ESI†). The
co-crystal structure of Ee GUS bound to UNC10201652 and aligned
with other L1 GUSs reveals a shallow groove surrounding the R2
morpholine, no significant stabilizing contacts, and differences in
residue sidechain size and polarity (Fig. 2C and Fig. S2c, ESI†).
The difference in sidechain physiochemical properties and the

Fig. 2 UNC10201652 co-crystal structures with L1 GUSs reveal key contacts and rationalize SAR. (A) Structure and binding pose of UNC10201652-G in
the GlcA binding pocket of Ee GUS. The inhibitor is shown in peach while the glucuronic acid is rendered in blue (PDB 8GEN). (B) GlcA binding pocket
highlighting the binding pose and interactions of the glucuronic acid and piperazine (R1) conjugate of UNC10201652-G (PDB 8GEN). (C) Shallow groove
within the aglycone pocket region of Ee GUS highlighting the placement of the morpholine substituent (R2) of UNC10201652-G (PDB 8GEN). Ee,
Eubacterium eligens; GlcA, glucuronic acid.
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shallow nature of the groove likely makes targeting this protein
region difficult to improve potency towards L1 GUS enzymes.
Moreover, the GUS loop 1 region is localized at a dimer interface
in the quaternary structure and reaches into the neighboring
aglycone binding pocket to form stabilizing interactions with
substrates and inhibitors. The sequence of this loop region can
contribute to enzyme–inhibitor interactions unique to specific
GUS enzymes within the same structural class (Fig. S3a and b,
ESI†). These results demonstrate that GUS enzymes from the
same class can form differential contacts with similar inhibitor
scaffolds leading to changes in potency.

UNC4917 analogs demonstrate conserved activity against loop
1 GUS enzymes

Lastly, we explored changes to R3 (Table S1, ESI†) and found
that replacement of the R3 monomethyl amine of UNC4708
(19) with a tertiary dimethyl amine (UNC4707, 20), ethanol
amine (UNC4847, 21), or hydrogen (UNC4600, 18) resulted in
minimal changes in GUS inhibition. Additionally, the incor-
poration of the triazole of UNC10201652 (1) into this scaffold
results in minimal changes in inhibition (UNC4764, 14 and
UNC4830, 15), further supporting the conclusion that a func-
tional group at R3 is not required.

Taken together, the analogs described in Table 1 and
Table S1 (ESI†) reveal that the position and nucleophilicity
of the piperazine amine is critical to potent inhibition of gut
microbial GUS enzymes. In contrast, there is considerably more
tolerance for modifications at other positions, as changes to R2
and R3 resulted in only modest impacts on GUS inhibition.
Finally, UNC4917 (13) and related analogs generally demon-
strated more potent inhibition of Ec GUS and Cp GUS over Ee
GUS and Sa GUS, suggesting that loss of the cyclohexyl ring
in UNC10201652 (1) may alter the selectivity profile of these
compounds.

Lead inhibitors selectively inhibit bacterial GUS enzymes
without reducing cell viability

We selected three compounds from our SAR studies, UNC10206579
(10), UNC10206581 (12), and UNC4707 (20), along with the parent
compound (UNC10201652, 1) to assess in cell-based experiments.
These molecules were chosen due to their improvements in
potency, pan-inhibition against our panel of loop 1 GUSs, and
structural diversity. We cultured E. coli K12 MG1655, a GUS-
expressing strain, and performed cell-based assays to examine
GUS inhibition (Fig. 3A). Strong target engagement was observed
in culture, recapitulating the IC50 values of these compounds

Fig. 3 Top 3 analogs inhibit GUS in microbial culture without displaying toxicity and kinetic assays identify UNC10206581 as the most potent slow-
binding inhibitor. (A) EC50 assays using pNPG as a substrate reveal successful GUS inhibition in E. coli culture for the top 3 most potent and non-specific
analogs of the SAR campaign. Error bars represent mean � SEM from n = 3 independent experiments. (B) Growth kinetics assay in E. coli culture show no
toxicity of GUS inhibitors at a concentration of 10 mM. (C) Non-linear inhibitory progress curves of UNC4707 at various concentrations using pNPG as a
substrate. (D) Secondary kobs vs. [UNC4707] plots against Ec GUS confirms a substrate-dependent and one-step, slow-binding mechanism of inhibition.
Error bars represent mean � SEM from n = 3 independent experiments. (E) Non-linear inhibitory progress curves of UNC10206581 at various
concentrations using pNPG as a substrate. (F) Secondary kobs vs. [UNC10206581] plots against Ec GUS confirms a substrate-dependent and one-step,
slow-binding mechanism of inhibition. Error bars represent mean � SEM from n = 3 independent experiments. pNPG, p-nitrophenyl-b-D-glucuronide;
E. coli, Escherichia coli. PNPG, 4-nitrophenyl-b-D-glucopyanoside; SAR, structure–activity relationship.
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against recombinant Ec GUS, with UNC4707 (20) and
UNC10206581 (12) displaying the greatest in-cell GUS inhibition
at 7 and 6 nM, respectively. To confirm that inhibition observed in
E. coli was due to selective targeting of GUS and not cellular toxicity,
we performed microbial growth kinetic assays in the presence of
10 mM of our parent compound (1) and lead analogs (10, 12, 20)
(Fig. 3B). None of the compounds tested reduced or impacted
microbial growth kinetics, indicating strong tolerability and selec-
tive targeting of GUS enzymes in cells.

Humans express a GUS ortholog involved in lysosomal
processing and mutations to this gene cause Sly Syndrome
(Mucopolysaccharidosis type 7), a lysosomal storage disease
that impacts development, often causing skeletal abnormalities
and intellectual disabilities.26 To gauge selectivity for microbial
GUS over a mammalian ortholog, we screened our lead inhibi-
tors against purified bovine GUS. Neither the parent compound
nor lead inhibitors (UNC10296579, 10; UNC10206581, 12; and
UNC4707, 20) reduced the activity of bovine GUS at a concen-
tration of 10 mM (Fig. S4a, ESI†). Moreover, all compounds
showed limited inhibition of E. coli b-galactosidase (b-gal), a
closely related glycoside hydrolase (Fig. S4b, ESI†). While nearly
25% inhibition of Ec b-gal was observed at 10 mM inhibitor
concentrations, 10 mM is greater than 500-times the concen-
tration that inhibition was observed in cultures of E. coli (6–18
nM, Fig. 3A). Therefore, lead inhibitors do not reduce the
activity of a eukaryotic GUS ortholog and have limited effects
on a related microbial glycoside hydrolase enzyme.

Cellular toxicity, cellular inhibition, and selectivity data
indicate that UNC10206581 (12) and UNC4707 (20) are promis-
ing inhibitors for further evaluation. However, as IC50 and
classical potency assessments do not account for time-depen-
dent and covalent mechanisms of inhibition, we next sought
to more thoroughly assess enzyme binding affinity. Kobs vs.
[inhibitor] plots were generated from the non-linear inhibitory
progress curves to extrapolate kinetic parameters such as k3/KI

and to assess curve fit, enabling us to better identify lead
candidates with favorable time-dependent inhibition. As
expected, both compounds produced non-linear progress
curves, indicating a slow-binding mechanism as previously
observed for the parent scaffolds of these piperazine-containing
analogs (Fig. 3C and E).23 k3/KI values derived from secondary
plots of kobs vs. [inhibitor] reveal UNC10206581 (12) as notably
more potent, with a value of 485 970 M�1 s�1, approximately 8-
fold greater than UNC4707 (20) (Fig. 3D and F). The greater k3/
KI while maintaining a comparable IC50 value suggests that the
initial binding interaction of both inhibitors with GUS is
similar; however, formation of the GlcA-inhibitor conjugate is
significantly faster for UNC10206581 (12). As potent inhibition
is achieved once the substrate-dependent and slow-binding
mechanism ensues, these kinetic studies reveal UNC10206581
(12) is a more promising inhibitor.

We next sought to examine the molecular details of bacterial
GUS inhibition by UNC10206581 (12). We resolved a co-crystal
structure of UNC10206581-GlcA bound to Ee GUS (Table S2,
PDB 8UGT, ESI†), which reveals several analogous contacts to
those observed with the parent scaffold, UNC10201652 (1).

Indeed, the piperazine forms a conjugate with GlcA and is
stabilized by the catalytic residue E425, p–p stacking between
the UNC10206581 aromatic core and Y485, and the R2 amine is
seated in a shallow groove within the aglycone binding site
(Fig. 4A). However, when comparing this structure to that of Ee
GUS and UNC10201652-GlcA, there is a slight difference in
3-dimensional positioning of the aromatic core and piperazine
moiety, likely driven by the accommodation of UNC10201652s
(1) morpholine moiety (Fig. 4A).

UNC10206581 inhibits GUS enzymes in fecal samples

To assess efficacy in a more physiologically relevant context,
we tested GUS inhibition by our initial (1) and lead (12)
compounds in human fecal extracts using in fimo reaction
profiling.27 Eight fecal samples from healthy individuals were
processed into protein lysates and percent inhibition assays
were performed using 4-methylumbelliferyl-b-D-glucuronide
(4MU-G) as a substrate and a concentration of 10 mM for both
UNC10201652 (1) and UNC10206581 (12) (Fig. 4B). 4MU-G was
used as the substrate in fecal extracts rather than PNPG
because the fluorescence-based readout allows for clean signal
detection within complex samples. Both PNPG and 4MU-G are
pan-substrates that are processed by GUSs from all structural
classes and are often used interchangeably to monitor total
GUS activity. UNC10206581 (12) potently inhibited GUS activity
in fecal lysates with statistically significant improvements in
inhibition over compound 1 in three samples. Complete inhi-
bition was not observed for any of the human fecal lysates;
however, this result was anticipated as all structural classes of
GUS can process 4-MUG and fecal lysates contain multiple
GUSs from various structural classes.

To better understand the distribution of bacterial GUSs
present within each of the eight samples, probe-enabled pro-
teomics was employed to identify and quantitate GUS abun-
dance, as previously described.17,21 Proteins in five of the eight
structural classes were identified, with FMN GUS showing the
broadest presence and highest abundance across the cohort
(Fig. 4C). No loop and loop 1 GUSs were the next most
abundant but only FMN GUS was detected in all samples.
Taken together, our findings indicate that UNC10206581 (12)
is a potent and broad-acting inhibitor of bacterial GUS in
physiologically relevant samples primarily containing FMN
and loop 1 GUS enzymes.

UNC10206581 inhibits FMN GUS enzymes

Because we found that FMN GUS proteins were abundant in the
human fecal samples inhibited by our compounds, we sought
to better understand inhibitory activity against the FMN GUS
loop class. We selected five FMN GUSs that were the most
prevalent across our eight fecal samples and representative of
diverse taxa: Gemmiger sp. (GemFMN), Faecalibacterium praus-
nitzii L2-6 (Fp2), Ruminococcus hominis (Rh2), Ruminococcus
gnavus (Rg3), and Ruminococcus inulinivorans (Ri). These pro-
teins were expressed recombinantly in E. coli, purified, and
then used in the same inhibitory GUS assays as the L1 GUSs.
UNC10206581 (12) displayed similar potency against the FMN
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GUSs compared to UNC10201652 (1) with the exception of
GemFMN GUS, which was inhibited by UNC10206581 (12)
135-fold more potently than UNC10201652 (1) (Fig. 4D). A wide
range in inhibitory activity was observed for the FNM GUS
panel, from a relatively weak IC50 of 120 mM for Ri to high
nanomolar inhibition against Fp (Fig. 4D).

To rationalize these differences in inhibitor potency across
FMN GUS, we compared existing structures (Rh2, Rg3, Fp2) with
AlphaFold models of GemFMN and Ri GUS aligned to the Ee
GUS UNC10206581-GlcA co-crystal structure. We found that
nearly all binding site contacts were conserved for both FMN
and loop 1 GUSs, although Ri GUS has a leucine (L431) in place
of the glycine conserved for all other proteins (Fig. S5a, ESI†).
The Ri GUS L431 is positioned in the R2-accomodating groove
of the aglycone binding site and thus is expected to generate a
steric clash with both UNC10201652 (1) and UNC10206581 (12)
(Fig. S5a, ESI†). This feature may contribute to the reduction in
potency of both compounds for Ri GUS compared to all other
FMN GUSs assayed (Fig. 4D).

Further analysis of our proteomic data revealed that
GemFMN was the most prevalent FMN GUS across our cohort.
It was detected in 7 of 8 samples and was the most abundant
GUS in 5 of 8 samples. The second most abundant GUS across
the cohort was another FMN GUS originating from Roseburia
spp. AM16-25. While this enzyme was only 68% identical to the
R. hominis 2 GUS examined in our recombinant panel (Fig. 4D),
the AlphaFold structure of AM16-25 GUS is remarkably similar
to Rh2 GUS (RMSD of 0.4 Å across Ca positions; Fig. S5b, ESI†).
These results suggest the proteomic Roseburia protein is func-
tionally comparable to the Rh2 GUS examined in our in vitro
panel and may be inhibited by UNC10206581.

In the context of our human cohort, we observed GemFMN
to be the only FMN GUS present within donors 5 and 6. Donor 8
contained both GemFMN GUS and the Roseburia AM16-25 GUS,
with the abundance of GemFMN B2.5-fold higher than that of
AM16-25. These findings provide a rationale for the improved
GUS inhibition by UNC10206581 (12) in fecal lysates from
donors 5, 6, and 8. Additionally, these results indicate that

Fig. 4 UNC10206581 is the most potent GUS inhibitor within human fecal lysates and against FMN GUSs. (A) Aligned co-crystal structures of Ee GUS
with UNC10201652-G and UNC10206581-G reveals very similar binding pose and key stabilizing contacts within the GlcA and aglycone binding sites.
A slight displacement in the aromatic core and positioning of R2 is observed to provide favorable seating of the parent scaffold morpholine. (PDB 8GEN and
8UGT). (B) Inhibition data for UNC10201652 and UNC10206581 in 8 human fecal samples reveals UNC10206581 as the superior GUS inhibitor in
physiologically relevant samples. 4MU-G was used as the substrate. Two-way ANOVA with multiple comparison (mean� SEM), n = 3, ****p o 0.0001, ns =
not significant. (C) Abundance and loop class distribution of GUS enzymes found in 8 human fecal samples using probe-enabled proteomics reveal FMN
GUSs as the most abundant across this cohort. (D) Inhibitory data of the parent scaffold and UNC10206581 against a panel of FMN GUSs reveals activity of
both compounds against this loop class. 4MU-G, 4-methylumbelliferyl-b-D-glucuronide; FMN, flavin mononucleotide; GlcA, glucuronic acid; L1, loop 1.
Fp2, Faecalibacterium prausnitzii L2-6; Rg3, Ruminococcus gnavus; Rh3, Ruminococcus hominis; Ri, Ruminococcus inulinivorans; GemFMN, Gemmiger sp.
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our in vitro explorations in Fig. 4D are representative of the
GUS proteins present in these human samples. In summary,
FMN GUS are subject to potent inhibition by compounds like
UNC10206581 (12), suggesting potential as a therapeutic adju-
vant to address microbiome-related disruptions in homeostasis
and drug-induced toxicities.

SiteMap analysis of GlcA pockets reveal minimal optimization
opportunities

Because UNC10206581 (12) displayed improved potency toward
some but not all L1 and FMN GUSs, we sought to better
understand the binding pocket properties across protein iso-
forms to inform further inhibitor optimization. We leveraged
the wealth of GUS structures available to perform SiteMap
analysis using FMN, L1, and human GUS structures to quanti-
tate the surface area and physiochemical properties of the
active site (Fig. S6A, ESI†). These analyses help demonstrate
the considerable variability present in these enzymes. FMN
GUSs have small pockets, averaging 853 Å3 between the three
resolved structures (Rg3, Rh2, Fp2), not extending much further
beyond the space occupied by UNC10206581 (Fig. S6B, ESI†).
Thus, there appears to be limited opportunities to improve
potency because expansion off our most potent compound will
lead into solvent. While L1 GUSs have larger binding pocket
surfaces (average 1829 Å3) with more opportunities for stabilizing
interactions, there are large sequence and physiochemical prop-
erty variabilities in these regions, making it difficult to maintain
or improve potency across all enzyme isoforms. Additionally, the
active site gating loops are often dynamic and not resolved in
crystal structures, limiting our visualization into these regions and
ability to specifically engage them. Taken together, these struc-
tural and functional analyses indicate that further functionaliza-
tion of the R2 and R3 positions would not be expected to improve
potency for all FMN and L1 GUS enzymes.

Conclusion

Metabolic pathways catalyzed by the gut microbiota can trans-
form drugs and dietary compounds, and subsequently impact
metabolite availability and potentially host physiology. While
numerous microbes have been identified as disease-associated,
disruptive of homeostatic functions, and influential in pharma-
cological efficacy, in many cases the specific proteins involved
are not known. Gut microbial GUS represent a bona fide example
of a family of microbial enzymes that can disrupt homeostatic
metabolism and pharmacological efficacy.6,17–19,28 Despite their
established roles in host–microbial interactions, a comprehen-
sive scope of activities for the hundreds of GUS orthologs present
in the human gut microbiome and their differential roles in
homeostasis and disease has not been defined.

Two structural classes of GUS, loop 1 and FMN, are the most
efficient at metabolizing small molecule glucuronide-conju-
gates, like those of hormones and xenobiotics.14,15,17,19,22 Loop
1 GUSs have been well-characterized as driving the reactiva-
tion of irinotecan glucuronide (SN-38-G) and non-steroidal

anti-inflammatory drug (NSAID) glucuronides, both of which
are inactivated via glucuronidation by host UGTs. The subse-
quent reactivation of such drugs by microbial GUS leads to
severe GI toxicity, small intestinal ulcers, poor surgical out-
comes, and reduced drug efficacy.6,18,20 Recent studies have also
shown that another structural class, the FMN GUS enzymes, play
a significant role in reactivating the glucuronides of mycophe-
nolate (MPA), triclosan, and regorafenib,17,19,22 leading to simi-
lar GI toxicities. While both loop 1 and FMN GUS enzymes
generally work well with small molecule glucuronides, distinct
substrate preferences as well as microbial compositional differ-
ences may influence disease and treatment outcomes with specific
drugs and toxins. Therefore, the development of a small molecule
GUS inhibitor that is specific for and potent against both loop 1
and FMN GUS enzymes has been of considerable interest.

To date, potent and non-toxic GUS inhibitors have been
generated that are selective for microbial GUS over human GUS.
The majority of these GUS inhibitors are specific for loop 1 GUS
over other structural classes, and co-administration of these
compounds with irinotecan, the clinical prodrug of SN-38,
alleviated GI toxicity and significantly improved antitumor
efficacy.6,18 Here, we sought to improve the potency of these
inhibitors against loop 1 GUS and to examine their potential to
inhibit other gut microbial GUS structural classes.

We subjected two known GUS inhibitors, UNC10201652 (1)
and UNC4917 (13), to a focused medicinal chemistry campaign
to define critical pharmacophores and better understand struc-
ture–activity relationships. As expected, altering the piperazine
of these scaffolds causes moderate to significant reductions in
potency, as the piperazine secondary amine must be correctly
positioned for covalent reaction with the substrate (Table 1).23

Additionally, inclusion of the cyclohexyl ring in UNC10201652
(1) and related analogs both improved activity against our panel
of loop 1 GUSs and potently inhibited a greater portion of the
loop 1 panel compared to analogs of UNC4917 (13). Lastly,
alteration of moieties at the R2 and R3 positions displayed in
Table 1 and Table S1 (ESI†) reveal little to no changes in
potency, indicating that functionalization at these positions
does not improve ligand efficiency.

Cellular studies reveal that UNC4707 (20) and UNC10206581
(12) are efficacious, selective for microbial GUS enzymes, and non-
toxic. While the IC50 and EC50 values of the lead compounds
UNC4707 (20) and UNC10206581 (12) may be comparable, indi-
cating sufficient permeability into microbes, the k3/KI reveal
disparate slow-binding and covalent properties. Similar to the
parent scaffolds,23 both compounds produced non-linear pro-
gress curves that are indicative of a slow-binding mechanism
(Fig. 3C and E). These results corroborate our conserved mecha-
nism of catalytic interception and formation of a piperazine-GlcA
conjugate (Fig. 1C). Plots demonstrating kobs vs. [inhibitor] from
the non-linear progress curves of UNC10206581 (12) and
UNC4707 (20) reveal B8-fold disparity in k3/KI values between
the compounds. Thus, UNC10206581 (12) has more favorable
time-dependent inhibition properties (Fig. 3D and F). While the
initial binding event between the inhibitors and GUSs are simi-
larly favorable, the rate of formation of the GlcA conjugate varies
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significantly between these two compounds and the improved
formation of the inhibitor-GlcA conjugate with UNC10206581 (12)
results in more potent inhibition.

Previous studies that explored GUS inhibition have attrib-
uted the selectivity of inhibitors such as UNC10201652 (1) for
bacterial over human GUS to the presence of the loop 1 region.6

Here we show this potent inhibition extends to FMN GUS
enzymes, which do not contain a loop 1 or 2 region. FMN GUSs
contain a C-terminal domain (CTD) that is modeled to be
placed adjacent to the GlcA binding site (Fig. S5c, ESI†). It is
likely this domain behaves similarly to the loop 1 region by
closing over the active site to improve substrate specificity as
well as inhibitor stabilization. This may explain why our
piperazine-containing GUS inhibitors display activity for FMN
and loop 1 GUS yet maintain selectivity against bovine GUS
which lacks these bacterial loops and CTD.

The variability in L1 region and CTD also likely play a large
role in the differences observed in inhibitor potency. Crystal
structures of L1 GUSs show remarkable conservation in the
GlcA and aglycone binding sites, with key protein–ligand inter-
actions consistent across protein isoforms. However, the L1
regions are often too dynamic to be resolved within crystal
structures. As such, we have an incomplete understanding
of the specific interactions made between L1 residues and
inhibitors. Furthermore, the amino acid sequences and physio-
chemical properties of L1 regions vary greatly between protein
isoforms and may explain the differences in potency we have
observed between Ec, Ee, Cp, and Sa GUS (Table 1 and Fig. S3,
ESI†). Our medicinal chemistry efforts have been successful in
significantly improving potency against Ec and Ee GUS, moder-
ately improving potency for Cp GUS, but we have not improved
potency for Sa GUS. Until these L1–inhibitor interactions and
protein regions are better understood, we appear to be limited in
our ability to improve potency against all L1 GUS isoforms,
specifically Sa GUS, with the current chemical series.

When tested in human fecal lysates, UNC10206581 (12)
displayed improved GUS inhibition in 3 of 8 samples compared
to the parent compound (Fig. 4B). Though complete GUS
inhibition was not observed, this can be explained by the
presence of gut microbial GUS enzymes of structural classes
beyond loop 1 and FMN. Lysates from all eight samples
efficiently process a pan-GUS reporter substrate but many are
not inhibited by these loop 1- and FMN-targeting inhibitors at a
concentration of 10 mM. Indeed, our IC50 data of UNC10201652
(1) and UNC10206581 (12) reveal a wide range in inhibitor
potency across diverse FMN GUS enzymes ranging from high
nanomolar to 120 mM (Fig. 4C). However, we show that inhibi-
tion by UNC10206581 (12) extends to FMN GUS and exhibits the
most efficient substrate-dependent slow-binding inhibition
kinetics, indicating that (12) is a promising candidate for
therapeutic use.

Bacterial GUS enzymes within a particular structural class
can drive the reactivation of specific metabolites that may be
implicated in altered homeostasis or drug-induced toxicity.17,18

For each independent metabolite and disease state, inhibitor
efficacy may vary due to the vast structural and functional

differences in GUSs, even those within the same structural
class. Here, we show for the first time that both loop 1 and
FMN GUSs can be potently inhibited by the same slow-binding
and substrate-dependent inhibitor. While the implications of
GUS inhibition within human fecal lysates warrants more
extensive investigation, we show that UNC10206581 (12)
demonstrates significant potential as a candidate to inhibit
the GUS enzymes driving the gut toxicity associated with several
xenobiotics.

Gut microbial GUSs can disrupt homeostasis and alter drug
efficacy by reversing host phase 2 metabolism, releasing various
small-molecule drugs and hormones into the gut and blood-
stream to cause undesirable side effects. In this study, we
investigate the SAR of extant piperazine-containing inhibitors
developed to specifically target bacterial GUS enzymes. We
establish that piperazine nucleophilicity and increased core
hydrophobicity contribute to more potent GUS inhibition. We
develop UNC10206581 (12), which selectively targets microbial
GUS enzymes of both the loop 1 and FMN GUS structural
classes via a slow-binding mechanism similar to the parent
scaffolds. Furthermore, UNC10206581 (12) potently inhibits
bacterial GUS enzymes in microbial cultures and human fecal
protein lysates, suggesting potential as a therapeutic adjuvant
to address microbial-induced disruptions in homeostasis and
drug-related toxicities.

Materials & methods
Protein expression and purification

All proteins were purified as previously described.15,16 In brief,
proteins were expressed recombinantly as N-terminal His-tag
fusions in E. coli (BL21-G) cells and purified by both Ni-affinity
chromatography and size exclusion chromatography. All pro-
teins displayed at least 95% purity by SDS-PAGE and were snap
frozen in liquid nitrogen and stored at �80 1C.

In vitro GUS inhibition assay

p-Nitrophenyl-b-D-glucuronide (pNPG) was purchased as a solid
(Sigma Aldrich) and resuspended in water to a concentration of
50 mM. Inhibitors were synthesized and suspended in 100%
DMSO at various concentrations above 20 mM. Each inhibitor
was then diluted in ddH2O and an equivalent % DMSO for all
final concentrations. Assays were conducted in Costar half-area
96-well assay plates at a total volume of 50 mL. The reaction
consisted of 10 mL assay buffer (125 mM HEPES, 125 mM NaCl,
pH 6.5), 5 mL of purified GUS enzyme (15 nM of Ec, Sa, Cp, Ee,
Rh2, Rg3, FPL2-6, Gemmiger FMN, and 60 nM final of Ri; see
Results for species names), 5 mL inhibitor (at various concen-
trations), and 30 mL pNPG (900 mM final). After the addition of
inhibitor, the reaction was incubated for 5 minutes at 37 1C,
then initiated by the addition of pNPG and incubated at 37 1C
for 1 hour. The reaction was quenched with 50 mL sodium
carbonate (0.2 M). Analysis of the reaction mixture was per-
formed using a CLARIOstar Plus Microplate Reader (BMG Lab
Tech), measuring the absorbance of PNP at 410 nm. Resultant
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data were converted to percent inhibition and fit with a 4-
parameter logistic function in Graphpad Prism for determina-
tion of the IC50 values.29

Slow-binding continuous kinetic assay

The same procedure as outlined for the in vitro GUS inhibition assay
was followed for reaction volumes and concentrations. Product
formation was monitored continuously at 410 nm in a BMG lab
tech PHERAstar plate reader. Progress curves were truncated such
that only data where the uninhibited reaction was linear were
utilized to eliminate any nonlinear artifacts from substrate deple-
tion. The resultant progress curves were fit by nonlinear regression
analysis in MATLAB with the following equation:

½P� ¼ vstþ
vi � vs

kobs
1� exp �kobstð Þ½ � þ A0

vi is the initial velocity of the reaction, vs is the steady-state velocity,
kobs is the first-order rate constant for the transition from vi to vs, t is
time, and A0 is the initial absorbance. The two-step slow-binding is
described by the general kinetic scheme below:

E þ I �! �
k1

k2

EI �! �
k3

k4

EI�

E is enzyme, and I is inhibitor. As the kobs versus [I] plots generated
were linear, we assumed that the initial isomerization was kineti-
cally insignificant (i.e., [I] { KI) and used a one-step kinetic scheme
to fit the linear data of kobs versus inhibitor concentration:

kobs ¼
k3

KI
½I� þ k4

[I] is the concentration of inhibitor and KI is the equilibrium that
describes the initial binding complex (k1/k2).

Protein crystallography

Crystals of Ee GUS bound to UNC10206581-GlcA were produced
via the sitting drop vapor diffusion method using an Orxy4
robot (Douglas Instruments). Ee GUS (11.5 mg mL�1) was
preincubated with 10-fold molar excess UNC10206581 for one
hour, then pNPG was added to the solution and the mixture was
cooled on ice before adding into the crystalline solution.
Crystals were formed at 20 1C by incubating ligand bound Ee
GUS in 0.075 M HEPES, pH 7.5, 15% (w/v) PEG 1000, and 25%
(v/v) glycerol. The mother liquor also acted as a cryoprotectant
for the crystals thus protein crystals were removed directly from
the crystallization drop and quickly flash cooled (o1 minute) in
liquid nitrogen. Diffraction data were collected at 100 K at GM-
CA 23-ID-D (Advanced Photon Source, Argonne National
Laboratory). CCP4i (v7.1.015) was used to scale the raw data,
and Phenix (v.1.17) was used to refine the model to the
statistics shown in Table S1 (ESI†). The final structural coordi-
nates were deposed in the PDB under the accession code 8UGT.

Cell-based inhibitory assay

E. coli K-12 MG1655 cells were grown overnight in 10 mL of
Lysogeny broth (LB). The following morning, a 100 mL aliquot
was subcultured into 5 mL of fresh LB. Cells were grown until

an OD of 0.6 was achieved and then used for the assay.
Reactions were carried out in Costar 96-well black clear bottom
plates at a volume of 90 mL of cells (premixed with 700 mM
pNPG) and 10 mL of various concentrations of inhibitor. This
reaction was incubated for 24 h at 37 1C with a low evaporation
lid before being quenched by the addition of 50 mL of 0.2 M
sodium carbonate. Absorbance values were measured at
410 nm in a BMG lab tech PHERAstar plate reader. Percent
inhibition and EC50 values were determined as described
previously for the in vitro IC50 assay.23

Bacterial cell toxicity assay

Bacterial cell toxicity was assessed as described previously.23

In brief, overnight cultures of WT E. coli MG1655 K-12 were
grown and sub-cultured the following morning. Sub-cultures
were subject to 10 mM of various inhibitors and growth was
monitored over the course of 8 hours to assess inhibitor toxicity.

b-Galactosidase selectivity assays

Initial enzyme substrate preferences were assessed using reporter
substrate conjugates of the two sugars. For each enzyme, prefer-
ences were determined using the fluorescent b-glucuronidase
substrate 4-methylumbelliferyl-b-D-glucuronide (4MU-G, Cayman)
and the fluorescent b-galactosidase substrate 4-methylumbelliferyl-
b-D-galactoside (Cayman) as described previously.30

Bovine GUS selectivity assay

Bovine liver GUS was obtained from Sigma-Aldrich as a lyophi-
lized powder and dissolved in storage buffer (10 mM sodium
acetate and 10 mM sodium chloride, pH 5.0) and stored at 4 1C.
Final assay wells contained 5 mL of bovine liver GUS
(0.132 mg mL�1), 10 mL of assay buffer (25 mM sodium
chloride, 25 sodium acetate, pH 5), 5 mL of inhibitor (10 mM
final), and 30 mL of pNPG. Buffer, inhibitor, and protein was
added to the plate then assays were initiated by the addition of
pNPG and incubated for 1 hour at 37 1C. Reactions were
quenched using 25 mL of 0.2 M sodium carbonate, and absor-
bance at 410 nm was measured in a BMG lab tech PHERAstar
plate reader. Percent inhibition was calculated as described for
the in vitro IC50 assay.

Fecal sample collection

Fecal samples were collected from healthy volunteers at the
University of North Carolina at Chapel Hill (IRB#17-1528) or
purchased from healthy donors supplied by a commercial
vendor, BioIVT. Fecal samples were collected using a toilet
specimen collection kit (Fisher Scientific) and were stored at
�80 1C until further use.

Preparation of human fecal extract

Approximately 5–10 g of thawed fecal material collected from
each donor was resuspended in 25 mL cold extraction buffer
(25 mM HEPES pH 6.5, 25 mM NaCl, one Roche Complete
EDTA-free protease inhibitor tablet in 50 mL buffer) and
500 mg autoclaved garnet beads then vortexed. Samples were
centrifuged at 300 � g for 5 min at 4 1C and supernatant was
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collected. 25 mL cold extraction buffer was added to the
centrifuged pellet, which was again vortexed and centrifuged.
Both supernatants were combined and centrifuged at 300 � g
for 5 min at 4 1C two additional times to further remove
insoluble fiber. The supernatant was then sonicated twice
on a Fischer Scientific Sonic Dismembrator Model 500 with
0.5 second pulses for 1.5 min and the lysate was mixed by
inversion between each sonication. Lysate was then centrifuged
at 17 000 � g for 20 min at 4 1C to remove insoluble debris then
decanted. The lysate was then concentrated with Amicon Ultra
15 mL 30 kDa centrifugal filters and exchanged with fresh
extraction buffer three times to remove metabolites. After
buffer exchanging, the total protein concentration of the final
fecal lysate for each sample was measured with a Bradford
assay using purified Escherichia coli b-glucuronidase as a refer-
ence standard. Complex protein lysates were aliquoted at
500 mL then flash frozen in liquid nitrogen and stored at
�80 1C until later use in proteomics and fecal lysate assays.

Preliminary metagenomics analysis

Raw metagenomics genes were trimmed, filtered, and anno-
tated, then assembled into gene and protein sequences using
Metagenomics Analysis Toolkit (MOCAT2 v2.0.1).31

Identification and characterization of GUS sequences

Metagenomic amino acid sequences were each aligned pairwise
to 17 representative GUS enzymes with reported crystal struc-
tures using Protein–Protein BLAST (BLASTP v2.5.0+).32 Candi-
date sequences with Z25% identity to any representative GUS
enzyme were then assessed for the presence of 7 conserved
residues.15 Sequences that both met the identity threshold and
contained all 7 conserved residues were accepted as putative
GUS enzymes. Accepted sequences were filtered for redundan-
cies at a sequence identity threshold of 100% using CD-HIT
(v4.8.1), and the output was used to form a representative set of
GUS sequences for downstream analysis.33 Accepted sequences
were aligned to representative sequences from each loop class
in a Multiple Sequence Alignment (MSA) using Clustal Omega
(v1.2.4), and GUS class was assigned according to parameters
reported previously and shown in Fig. S3 (ESI†).15,16,30

The resulting GUS classes were further screened for ‘‘No loop’’
class enzymes which conserve both a c-terminal domain
with previously reported FMN-binding GUS (PDB: 6MVF,
6MVG, 6MVH).16,25 Resulting sequences were assigned the
class ‘‘FMN’’. Taxonomy was assigned to representative GUS
sequences by mapping queries to the UHGP using Diamond
(v2.0.15.153) as reported previously, and resulting taxonomic
identifiers were used to rename these sequences.15,34,35 Raw
metagenomics data with key results have been uploaded to
Zenodo and are accessible at the following https://doi.org/10.
5281/zenodo.11110310.

Activity-based probe (ABP)

Cyclophellitol-based probe JJB397 was synthesized and purified
as previously described to form a biotin-linked covalent inhi-
bitor of GUS enzymes.36

Metaproteomics

General proteomics workflow was adapted from our previously
reported GUS-targeted activity based proteomic profiling
pipeline.19,21 Briefly, 3.5 mg purified fecal extract was incu-
bated with 10 mM biotin-activity-based probe complex in 500 mL
extraction buffer with 1% DMSO (final) for 1 h at 37 1C. 125 ml
10% sodium dodecyl sulfate (SDS) was added to quench the
reaction, then samples were heated to 95 1C for 5 min. Samples
were then cooled on ice and washed with extraction buffer
containing 0.05% SDS three times by centrifugation for 5 min
at 13 000� g in 1.5 mL 10 K cutoff spin concentrators (Amicon).
After centrifugation, the total volume was normalized to 1 mL
using extraction buffer + 0.05% SDS. 15 mL streptavidin sephar-
ose beads (GE) were added to the protein mixture, and samples
were then incubated at room temperature for 1 h. Afterwards,
beads were washed 3 times with 300 mL extraction buffer with
0.1% SDS, three times with 300 mL extraction buffer alone, and
finally three times with 300 mL 50 mM NH4HCO3. Samples were
centrifuged at 400 � g for 2 min at 4 1C between washes, and
the supernatant decanted. Beads were then resuspended in
100 mL 50 mM NH4HCO3 and stored at �20 1C, then subjected
to subsequent LC-MS/MS analysis exactly as described
previously.19,21 Raw metaproteomic data with key results have
been uploaded to Zenodo and are accessible at the following
https://doi.org/10.5281/zenodo.11110310.

Metaproteomics data analysis

Raw data were processed as described previously, with the
following modifications.17 Data were processed using Metalab
(v1.1.148) with MaxQuant (v1.6.2) to identify peptides and
protein groups. A sample-specific database was derived from
cohort metagenomic sequences then combined with the Uni-
ProtKB/Swiss-Prot human sequence database (containing
26 122 entries).37 Processed data were searched against this
combined database with the following search parameters
enabled: static carbamidomethyl cysteine modification, speci-
fic trypsin digestion with up to two missed cleavages, variable
protein N-terminal acetylation and methionine oxidation, and
match between runs. A false discovery rate (FDR) of 1% was
used for filtering protein identifications at the unique peptide
level, and potential contaminants and decoys were removed.
For each protein, peptide peak areas were extracted then
summed and the protein intensities were used for relative
quantitation. Best-match protein headers were mapped back
to their corresponding amino acid sequences from the sample
metagenomes, and GUS enzymes were identified as described
in ‘‘Identification and Characterization of GUS Sequences’’ above.
Proteomic intensities for GUS enzymes were log2-transformed
to reach the normalized GUS abundance values shown in
Fig. 4C.

Fecal lysate inhibitor assays

Reaction mixtures contained 5 mL fecal extract (0.1 mg mL�1

final), 10 mL 4MU-G (100 mM final), 5 mL inhibitor (10 mM final),
and 30 mL assay buffer (25 mM HEPES, 25 mM NaCl, pH 6.5).
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Reactions were incubated with inhibitor for five minutes,
initiated by the addition of 4MU-G, then quenched after 1 hour
with 50 mL sodium carbonate (0.2 M). Analysis of the reaction
mixture was performed using a CLARIOstar Plus Microplate
Reader (BMG Lab Tech), measuring the fluorescence of 4MU at
excitation 350 nm per emission 450 nm. The absorbance data
collected was converted to percent inhibition as described
previously.21

SiteMap binding pocket analysis

Protein monomers were first prepared in PyMOL by isolating a
single chain, removing waters, and overlaying a ligand into the
active site, if not already present. The prepared monomers were
next loaded into Schrodinger’s Maestro and prepared using the
default settings for protein preparation. Once prepared, struc-
tures were subject to SiteMap task using the ‘‘evaluate a single
binding site region’’ function and centering on the bound
ligand. Default settings were then used to execute the SiteMap
function.
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