
A Probe-Enabled Approach for the Selective Isolation and 
Characterization of Functionally Active Subpopulations in the 
Gut Microbiome

Christopher Whidbey†, Natalie C. Sadler†, Reji N. Nair†, Regan F. Volk†, Adrian J. DeLeon†, 
Lisa M. Bramer†, Sarah J. Fansler†, Joshua R. Hansen†, Anil K. Shukla†, Janet K. Jansson†, 
Brian D. Thrall†, and Aaron T. Wright*,†,‡

†Biological Sciences Division, Pacific Northwest National Laboratory, Richland, Washington 
99352, United States

‡The Gene and Linda Voiland School of Chemical Engineering and Bioengineering, Washington 
State University, Pullman, Washington 99163, United States

Abstract

Commensal microorganisms in the mammalian gut play important roles in host health and 

physiology, but a central challenge remains in achieving a detailed mechanistic understanding of 

specific microbial contributions to host biochemistry. New function-based approaches are needed 

that analyze gut microbial function at the molecular level by coupling detection and measurements 

of in situ biochemical activity with identification of the responsible microbes and enzymes. We 

developed a platform employing β-glucuronidase selective activity-based probes to detect, isolate, 

and identify microbial subpopulations in the gut responsible for this xenobiotic metabolism. We 

find that metabolic activity of gut microbiota can be plastic and that between individuals and 

during perturbation, phylogenetically disparate populations can provide β-glucuronidase activity. 

Our work links biochemical activity with molecular-scale resolution without relying on genomic 

inference.

In terms of metabolic capacity, the gut microbiome can be considered a separate organ that 

expands the repertoire of biotransformation reactions possible in the host.1,2 These reactions 

impact the outcome of exposure or efficacy of therapeutics, and variability in gut microbiota 

composition may explain individual variability and susceptibility in response to drug 

treatment or environmental contaminant exposure.3,4 However, our understanding of host-

microbiota–xenobiotic interaction is limited by a lack of tools capable of coupling microbe–

enzyme-scale resolution offered by metagenome-based studies with detection and 

measurement of biochemical activity.5 Current bioinformatics strategies rely on accurate 

annotation and gene prediction. Unfortunately, approximately 50% of genes in the 
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microbiome remain uncharacterized.6 Omics-based expression studies assume that the 

abundance of a gene, transcript, or protein correlates to functional activity. This assumption 

fails to account for regulation of expression, translation, or differing activities between 

similarly annotated enzymes.7–12 Approaches capable of coupling measurement of 

biochemical activity to identification of active microbes and enzymes are needed. 1,3,13

Activity-based probes (ABPs) are uniquely suited to address this gap.13 ABPs are small-

molecule substrates that, upon activation by a catalytically active target enzyme, form a 

covalent bond with that enzyme.14–17 Because the probes only label an active enzyme, ABPs 

can demonstrate activity in lysate or live cells. Importantly, ABPs can be used to identify 

unannotated proteins based on a specific activity, connecting enzymes to function in poorly 

defined systems.13 Furthermore, the use of generalized bio-orthogonal tags allows labeling 

events to be enriched and measured by proteomics or fluorescently tagged for imaging, 

SDS-PAGE, or fluorescence-activated cell sorting (FACS). FACS-based approaches can be 

particularly useful for studying activity in microbial communities.18,19 By combining ABPs 

with FACS (ABP-FACS), subpopulations with active enzyme can be sorted in a function-

dependent manner and identified by sequencing. This reveals specific subpopulations of 

microbes based on detected, not inferred, activity.

A key pathway modulated by the gut microbiome is glucuronidation. Glucuronidation 

facilitates mammalian Phase II metabolism and clearance of xenobiotics via conjugation of a 

glucuronic acid (GlcA) to xenobiotics and endogenous metabolites. Gut microbial β-

glucuronidases can hydrolyze conjugates back to parent compounds, leading to altered 

pharmacodynamics, failure of therapeutics, or severe side effects.2,20,21 Recent work has 

identified conserved motifs to improve annotation of β-glucuronidases;12,22 however, these 

genes are widespread, complicating prediction of specific taxa responsible for 

deglucuronidation.

Given the ubiquity of β-glucuronidase genes, we hypothesized that activity would be spread 

throughout phylogenetically distinct taxa. For in situ activity detection, we synthesized 

GlcA-ABP which mimics a glucuronidated metabolite, and bears a reactive group attached 

to the anomeric position of GlcA and an alkyne for reporter group attachment (Figure 1a). 

When an active β-glucuronidase reacts with the probe, an electrophilic o-quinone methide 

forms and covalently reacts with a nearby nucleophilic residue (Figure S1).23,24 The alkyne 

handle of GlcA-ABP enables fluorophore attachment via copper-catalyzed azide–alkyne 

cycloaddition (CuAAC).25 To demonstrate probe efficacy, we performed in vitro labeling 

with recombinant β-glucuronidase from Escherichia coli. Enzymes were treated with GlcA-

ABP, tagged with rhodamine-azide, and analyzed by SDS-PAGE. Importantly, neither heat-

inactivated glucuronidases nor glycosidases as β-galactosidase, cellulase, xylanase, and β-

glucosidase are labeled, confirming selective activity-dependent labeling by GlcA-ABP 

(Figure 1b,c).

We validated in vivo labeling using an E. coli strain lacking uidA (ΔuidA) which encodes for 

the only β-glucuronidase in the E. coli genome. Cell lysate was GlcA-ABP-treated, tagged 

with rhodamine-azide, and analyzed (Figure 1c). We observed dose-dependent labeling in 

wild type (WT) E. coli, no labeling in ΔuidA transformed with the empty vector (ΔuidA 
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pET32c), and restoration of labeling in ΔuidA complemented with E. coli uidA (ΔuidA 
puidA), both in lysate and in whole cells by FACS (Figure 1d).

Quinone methides, while highly electrophilic, have been shown to be able to diffuse from 

the enzyme active site resulting in labeling of nearby proteins in addition to the activating 

enzyme.26,27 This can be utilized as a signal amplification strategy.26 We initially observed 

diffusion in vitro with E. coli lysate (Figure 1c), and between cells during in vivo labeling 

(Figure S2). Thus, we sought to leverage the quinone methide for signal amplification while 

ensuring the reactive intermediate does not leave the activating cell. To achieve this, we 

tagged GlcA-ABP with the charged small-molecule fluorophore Atto633 (GlcA-ABP-Atto) 

and confirmed this had no impact on labeling specificity (Figure S1). We then constructed 

and transformed E. coli with a plasmid encoding a glucuronidase-GFP fusion (E. 
coli::pUidA-GFP) to identify glucuronidase-positive cells within a heterogeneous 

population. Samples of E. coli::pUidA-GFP only, the glucuronidase-negative Lactobacillus 
plantarum only, or a mixture were labeled with GlcA-ABP-Atto or treated with Atto633 

only (“No Probe”) (Figure 1e). Cells were analyzed by flow cytometry to detect GlcA-ABP-

Atto, and the GFP signal was used to identify glucuronidase expressing cells. The 

glucuronidase-active E. coli::pUidA-GFP was enriched in the GlcA-ABP-Atto+ population 

and depleted in the GlcA-ABP-Atto− population (Figure 1e). To confirm that GlcA-ABP-

Atto enabled accurate sorting, we performed quantitative PCR on sorted cells using species-

specific primers. The GlcA-ABP-Atto+ population was significantly enriched for E. coli 
while the GlcA-ABP-Atto− population was significantly enriched for L. plantarum, 

validating the approach (Figure 1f).

We then sought to identify glucuronidase-active members of the gut microbiota. Microbes 

isolated from the mouse gastrointestinal tract were incubated with GlcA-ABP-Atto or 

Atto633 only (“No Probe”) under anaerobic conditions. Cells were fixed and sorted into 

GlcA-ABP-Atto+, GlcA-ABP-Atto−, and Bulk cell populations (Figure 2a; Figure S3). 

Community composition was determined for each population by 16S rRNA gene amplicon 

sequencing, and differentially abundant operational taxonomic units (OTUs) were identified 

(Figure S4).28 OTUs with statistically enriched abundance in the GlcA-ABP-Atto+ 

population compared to the bulk population were considered glucuronidase-active. This 

identified 13 glucuronidase-active OTUs, all Firmicutes in the classes Erysipelotrichia (2 

OTUs) or Clostridia (11 OTUs; Figure 2b) of distinct genera such as Ruminiclostridium, 
Tyzzerella, and Roseburia. Additionally, OTUs with significantly decreased abundance in 

the GlcA-ABP-Atto+ compared to the bulk population were considered glucuronidase-

inactive. This group was also taxonomically diverse, with representative sequences from 

Bacteroidetes and Firmicutes. Interestingly, some groups at the level of family or even genus 

contained both glucuronidase-active and glucuronidase-inactive OTUs. This finding supports 

the notion that in vivo metabolic activity cannot be ascribed based solely on phylogeny.

To investigate populations responsible for a given activity across different individual hosts, 

functional approaches are needed. To determine if ABP-FACS can provide such a tool, we 

compared glucuronidase-active taxa across different mouse litters. Because of limitations on 

litter size, the number of mice was too small to apply the statistical approach used in Figure 

2. Instead, we considered any taxa that had a 2-fold increase in relative abundance in the 
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GlcA-ABP-Atto+ population compared to the Bulk population to be glucuronidase-active 

(Figure 3a; see also the SI). We identified 5 taxa as enriched in all three Litter Sets, 

including three Lachnospiraceae OTUs we identified as glucuronidase-active in our initial, 

more stringent search. We also identified 24 OTUs enriched in two of three Litter Sets (light 

orange diamonds), and 55 OTUs enriched in only one Litter Set (tan circles). Interestingly, 

we observed clades where distinct OTUs are active in each Litter Set. This supports the idea 

that distinct but related taxa may possess a similar function (i.e., hydrolysis of glucuronides) 

among different hosts and demonstrates the utility of tools capable of linking functional 

activity to taxa in situ. While all litters had similar community composition, the active 

populations differ. Approaches like ABP-FACS will be necessary to more directly connect 

genetic information to function in a manner that accounts for interindividual variability.

One major hurdle for microbiome research is difficulty determining how perturbation-

induced changes in community composition relate to changes in activity. ABP-FACS is 

well-suited to address this problem. To demonstrate this, we exposed pairs of littermates to 

water with or without vancomycin, an antibiotic that differentially impacts taxa in the gut 

microbiota (n = 2 littermates per condition, 3 litters total).29 Vancomycin treatment 

significantly reduced glucuronidase activity within the gut microbiota to below the limit of 

quantification for 4 of 6 samples (Figure 3b). The percent GlcA-ABP-Atto+ population 

decreased as well (Figure 3c). Using the approach in Figure 2, we sought to identify taxa 

significantly enriched or depleted in the GlcA-ABP-Atto+ population compared to the bulk 

population in vancomycin-treated mice. In accordance with the reduced activity, no taxa 

were identified as significantly enriched (seven taxa were significantly depleted).

We then investigated the impact of vancomycin on the individual Litter Sets. Interestingly, 

two Litter Sets (B and C) exhibited a strong population shift in response to vancomycin 

exposure, while one Litter Set (A) did not (Figure S5). The vancomycin-treated samples in 

Litter Set A also had higher glucuronidase activity and percent GlcA-ABP-Atto+ population 

than the other vancomycin-treated samples, but lower than the littermate controls (Figure 

3b,c). Disparate responses in microbiota to perturbation have been described,30,31 as have 

cage effects on littermates (Figure S6).32,33 We utilized ABP-FACS to provide more insight 

into the active subpopulations in these samples (Figure 3d). While similar community 

composition based on 16S rRNA gene sequencing suggests that the glucuronidase-active 

populations should be similar, we found the active populations in these samples were largely 

distinct. While 25 OTUs were enriched only in the vancomycin-treated samples, 40 OTUs 

were enriched only in the controls; 5 OTUs were enriched in both, including four 

Lachnospiraceae and one Erysipelotrichaceae OTU. Regarding vancomycin resistance, we 

observe dominant probe enrichment in Litter Set B of a Lactococcus sp., while the dominant 

taxon in Litter Set C is a Paenibacillus sp. Vancomycin resistant Lactococcus have not been 

reported; however their taxonomic similarity to Enterococcus and known horizontal gene 

transfer in Lactobacilli in general suggests a real possibility for resistance. Paenibacillus 
strains have shown vancomycin resistance.34–36

While the sample size limits the statistical power, our findings highlight the capacity of 

function-based approaches to provide a detailed description of active populations compared 

to solely 16S rRNA gene sequencing. Revealing the functional change perturbations cause to 
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microbiota will enable improved prediction on host health impacts. While genetic and in 
vitro analyses of gut microbiota isolates demonstrated that genes encoding glucuronidases 

are taxonomically widespread,37,38 ABP-FACS, for the first time, links molecular-scale 

detection of in situ activity with identification of the responsible, functionally active taxa. 

The use of ABPs targeting other key functions such as proteases, other glycosidases, or bile 

acid metabolism will someday serve as important tools in functional gut microbiome 

measurements.

Supplementary Material
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Figure 1. 
GlcA-ABP labels β-glucuronidase-active proteins and cells. (a) GlcA-ABP. (b) Selectivity of 

GlcA-ABP against a panel of glycosidases. (c) GlcA-ABP labeling of E. coli lysates. (d) 

Whole cell E. coli were labeled with GlcA-ABP and tagged with CF640-R and sorted. 

Geometric mean is reported above each population. (e) Mixture of L. plantarum and E. 
coli::pUidA-GFP labeled with GlcA-ABP-Atto. Numbers represent percent of the 

population in the UidA-GFP− and UidA-GFP+ gates. (f) DNA from sorted cells was used as 

template for quantitative PCR to determine the relative abundance of E. coli and L. 
plantarum in the sorted fractions. Lines and error bars represent the mean and standard error 

of the mean, respectively. * p = 0.0374; ** p = 0.0093 by repeated measures one-way 

ANOVA with Tukey’s multiple comparisons test, n = 3.
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Figure 2. 
ABP-FACS identifies β-glucuronidase-active taxa in the gut microbiota. (a) Experimental 

design. (b) Phylogenetic distribution of taxa enriched or depleted in the GlcA-ABP-Atto+ 

and bulk populations. The outer ring indicates centered log-ratio abundance, where darker 

red indicates higher abundance. Taxa with significantly increased or decreased abundance in 

the ABP+ population are shown by triangles. Centered-log-ratio (CLR) normalized 

abundances of three GlcA-ABP-Atto enriched taxa (left and top right) and one GlcA-ABP-

Atto depleted taxon (bottom right) are shown. Lines connect populations from the same 

sample. Taxa are differentially abundant where Benjamini–Hochberg adjusted p < 0.05 using 

a generalized linear model (n = 6).
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Figure 3. 
ABP-FACS can detect interindividual variability. (a) Taxa that were 2-fold enriched in the 

GlcA-ABP-Atto+ population from each litter were identified (n = 2 mice per Litter Set). 

Outer rings indicate relative fold enrichment (darker = more enriched) for Litter Sets. 

Glucuronidase activity (b) and percent GlcA-ABP-Atto+ population (c) in gut microbiota of 

control (Water) or vancomycin-treated mice. Paired groups of two littermates (n = 3 groups 

of 2) are connected by lines. * p = 0.0386 by two-sided paired Student’s t test. Data are the 

average of the two littermates per condition. Error bars represent standard error of the mean. 

(d) Taxa that were 2-fold enriched in the GlcA-ABP-Atto+ population from either control or 

vancomycin-treated mice from Litter Set A are shown (n = 2 littermates per condition). 

Outer rings indicate relative fold enrichment (darker = more enriched) for either control or 

vancomycin-treated mice.
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