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Serine hydrolases have important roles in signaling and human metabolism,
yet little is known about their functions in gut commensal bacteria. Using
bioinformatics and chemoproteomics, we identify serine hydrolases in

the gut commensal Bacteroides thetaiotaomicron that are specific to the
Bacteroidetes phylum. Two are predicted homologs of the human dipeptidyl
peptidase 4 (hDPP4), akey enzyme that regulates insulin signaling. Our
functional studies reveal that BT4193 is a true homolog of hDPP4 that can be
inhibited by FDA-approved type 2 diabetes medications targeting hDPP4,
while the other is a misannotated proline-specific triaminopeptidase. We
demonstrate that BT4193 isimportant for envelope integrity and that loss
of BT4193 reduces B. thetaiotaomicron fitness during in vitro growth within
adiverse community. However, neither function is dependent on BT4193
proteolytic activity, suggesting a scaffolding or signaling function for this

bacterial protease.

The gut microbiotais a diverse microbial community whose dysbiosis
has been implicated in a wide variety of conditions. The vast major-
ity of studies aimed at understanding gut microbiota dynamics have
focused on global analyses of genes, proteins and/or metabolites using
omics methods. While these methods have provided insight into the
diversity of gut microbial communities and their metabolic outputs,
they provide little information about the functional roles of specific
enzymes and mechanisms that regulate communities inside hosts. A
better understanding of such regulatory mechanismsis a prerequisite
for new avenues to develop drugs that therapeutically modulate the
gut microbiota. In addition, it isimportant to identify enzymes with
homologous functions to human proteins, as they represent possible

detrimental off-targets that need to be evaluated and considered when
developing new therapeutic drugs. While existing approved drugs can
have awidespread impact on gut commensal bacteria'™*, the ability to
predict theseinteractions and prioritize functionally relevant and drug-
gable enzymes produced by commensal microbes inahigh-throughput
manner remains limited.

Activity-based protein profiling (ABPP) uses chemical probes to
covalently modify enzymesintheir endogenous environments. Integra-
tionwith mass spectrometry (MS)-based proteomics allows class-wide
identification of enzyme targets and measurement of enzyme activ-
ity across physiologically relevant conditions’. As a result, function-
ally relevant enzymes that are likely to be amenable to modulation
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by small-molecule drugs can be prioritized for characterization. In
applying ABPP to study the gut microbiota, innovations such as the
development of new probes®’, integration of fluorescence-activated
cellsorting® and advances in metaproteomics analysis’ have improved
efforts toidentify functionally relevant enzymes in native microbiomes
such as stool samples. However, the conservation of enzymes across
closely related bacteriaand limitations in metaproteomics techniques™
present obstacles to the definitive determination of the function of a
specificenzyme using these top-down approaches.

Serine hydrolases are abroad class of proteases, lipases and ester-
ases that have acommon catalytic serineresidue. Studied extensively
inmammalian systems, they have rolesin proteolysis, metabolism and
cell signaling", all of which likely affect the fitness of gut commensals
incomplex communities. Humanserine hydrolases have been targeted
with several Food and Drug Administration (FDA)-approved thera-
peutics to treat diseases such as type 2 diabetes™, and recent efforts
have identified serine hydrolases as new drug targets for bacterial
pathogens such as Mycobacterium tuberculosis” . However, little is
known about the diversity of serine hydrolases in phylogenetically
diverse gut commensal bacteria and their roles in interspecies com-
munication and competition.

One of the most well-characterized serine hydrolases is the human
dipeptidyl peptidase 4 (hDPP4), which trims dipeptides from the
N-terminus of oligopeptides with a preference for P1proline or alanine
residues. Ubiquitously expressed asamembrane protein that canalso
beshedtocirculatein the bloodstream, this diaminopeptidase cleaves
a number of peptide hormones, including glucagon-like peptide 1
(GLP1)and peptide YY, and leads to either degradation of the substrate
or alteration of its receptor selectivity'®. hDPP4-triggered degrada-
tion of GLP1, which induces the secretion of insulin, contributes to
the regulation of glucose homeostasis'. Hence, multiple inhibitors
of hDPP4 activity have been approved by the FDA for the treatment of
type 2 diabetes". Furthermore, several noncatalytic functions have
alsobeenascribed to hDPP4, mediated through the glycosylation-rich
and cysteine-rich regions within the B-propeller domain, including
cell adhesion via interactions with extracellular matrix proteins such
as collagen and fibronectin and T-cell activation via interactions with
adenosine deaminase and caveolin-1 (ref. 18).

The bacterium Bacteroides thetaiotaomicron is prevalent and
abundant in human gut microbiotas and has served as a model com-
mensal due to its extensive capabilities for digesting complex poly-
saccharides”. Early studies of fecal samples identified Bacteroides
species as exhibiting high proteolytic activity?’, but the functions of
these proteases have yet to be characterized. Recent work has impli-
cated Bacteroides-derived proteases as key drivers of inflammatory
bowel disease in patients with ulcerative colitis and in animal models
of colitis?. In particular, dipeptidyl peptidases were identified to be
abundantin Bacteroides species”, but the functions of these enzymes
remain unclear.

Here we use bioinformatics and a serine-reactive fluorophospho-
nate (FP) probe to profile serine hydrolases in B. thetaiotaomicron
and identify six serine hydrolases that were annotated as dipeptidyl
peptidases. Bioinformatic predictions indicate that these dipeptidyl
peptidases are highly conserved within and restricted to the phy-
lum Bacteroidetes. Two of these dipeptidyl peptidases, BT4193 and
BT3254, have been annotated as putative homologs of hDPP4. We
show biochemically that BT4193 is a bona fide functional homolog
of hDPP4 that can be inhibited by hDPP4-targeted drugs, whereas
BT3254 is amisannotated prolyl triaminopeptidase. We demonstrate
that BT4193 has a noncatalytic role in the maintenance of envelope
integrity and in the establishment of B. thetaiotaomicron within
multispecies communities in vitro. These findings highlight the
importance of the noncatalytic functions of BT4193 and the poten-
tial for targeting bacterial enzymes to precisely tune microbiota
composition.

Results

Identifying serine hydrolases in gut commensal bacteria

Serine hydrolases have not been extensively studied in gut commensal
bacteria, in partbecause they are difficult to identify bioinformatically
dueto the paucity of sequence homology and alarge variety of protein
folds". Thus, we developed a pipeline to predict serine hydrolases by
manually curatingalist of protein family (Pfam) domains associated with
serine hydrolases (Supplementary Fig. 1and Supplementary Table 1),
as defined by the MEROPS peptidase database, ESTHER database and
known serine hydrolases identified in mammals?, plants®, bacte-
ria”?***¢ and archaea” via ABPP with serine-reactive FP-based probes.
Using these serine hydrolase-associated Pfam domains, we bioinfor-
matically predicted the presence of serine hydrolases in humans and
49 representative, phylogenetically diverse gut commensal bacte-
rial strains (Fig. 1a, Supplementary Fig. 2 and Supplementary Tables 2
and 3). In clustering based on the number of serine hydrolases anno-
tated with each Pfam domain, the human proteome appeared as an
outgroup, having a distinct set of serine hydrolases driven primarily
by the large number of trypsin-like (PFO0089) serine hydrolases, and
bacterial species clustered consistently by phylum. Furthermore, sev-
eraltypes of serine hydrolases were predicted to be found exclusively
in gut bacteria, highlighting the importance of characterizing serine
hydrolases in these species.

Similar to the human genome", predicted serine hydrolases
comprise 1-2.5% of each bacterial genome (Extended Data Fig. 1).
Interestingly, bacteria from the Bacteroidetes phylum consist-
ently are on the upper end of that range, in part driven by four ser-
ine hydrolase-associated Pfam domains that are abundant in the
Bacteroidetes phylum (Supplementary Fig. 3a). In a representative
species, B. thetaiotaomicron, proteins annotated with two of these
Bacteroidetes-specific Pfam domains, sialic acid-specific acetylester-
ase (PF03629) and GDSL-like lipase (PF13472), are also predicted to
be carbohydrate-active enzymes (Supplementary Fig. 3b). As one of
the hallmarks of bacteria in the Bacteroidetes phylum is their ability
to digest complex polysaccharides, it is not surprising that these bac-
teriahave aunique enrichment for carbohydrate-active serine hydro-
lases. The other two domains in this Bacteroidetes-specific signature
are comprised of serine hydrolases with a peptidase S9 (PF00326) or
peptidase S41 (PF03572) domain, and this specificity suggests that
these peptidases may have unique and vital rolesin the Bacteroidetes
phylum.

To determine whether the types of enzymes comprising the
Bacteroidetes-specific peptidase signature are active and function-
ally relevant, we performed MS-based ABPP on B. thetaiotaomicron
VPI-5482 by labeling intact bacteria with an FP-biotin probe. We identi-
fied 27 FP-reactive enzymes active duringin vitro monoculture growth
(Fig. 1b and Supplementary Table 4), representing ~1/3 of the total
number of enzymes predicted by Pfam annotation. This discrepancy
could be due to growth conditions impacting enzyme expression or
activity, or the reactivity of the probe. Identified enzymes are predicted
tobelocalized to every cellular compartment (Supplementary Table 4),
so it is likely not due to the permeability of the FP-biotin probe. A
protein BLAST (BLAST-P) search against gastrointestinal tract refer-
ence genomes from the Human Microbiome Project® confirmed that
most B. thetaiotaomicron serine hydrolases identified by MS-ABPP
are conserved and specific to the Bacteroidetes phylum (Fig. 1c and
Supplementary Table 5). Six of the identified active serine hydrolases
are in the peptidase S9 or peptidase S41 families, including BT3254
and BT4193, which are both annotated as putative homologs of hDPP4
and have the same domain architecture as hDPP4 (Supplementary
Fig. 4). Transposon insertions in BT3254 and BT4193 caused fitness
defectsinmonocolonized gnotobiotic miceinapooled transposon-site
sequencing assay”’, supporting the relevance of these enzymes for
growth in vivo. However, the function of hDPP4-like enzymesin a
commensal bacterium residing within a diverse microbiotais unclear.
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Fig.1|Bioinformatics and activity-based protein profiling of

B. thetaiotaomicronidentify serine hydrolases specific to the Bacteroidetes

phylum. a, Heatmap of the number of proteins predicted to be serine hydrolases

based onannotated Pfam domains in humans (Chordata) and 49 representative

gut commensal bacterial species. Species are color-coded by phylum and

hierarchically clustered by the number of predicted serine hydrolases with each

Pfam domain. Two Bacteroidetes-specific protease Pfam domains, PF00326
(peptidase S9) and PF03572 (peptidase S41), are labeled on the right. b, Volcano
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plot of proteins labeled with FP-biotin relative to dimethyl sulfoxide (DMSO)
treatment in B. thetaiotaomicron VP1-5482 with three independent replicates.
Two-tailed two-sample ¢-test was performed comparing DMSO- and FP-biotin-
labeled cells. Significantly enriched hits are colored blue, an enriched ribosomal
proteinis colored red and hDPP4 homologs, BT4193 and BT3254, are labeled.

¢, Heatmap of homologs of B. thetaiotaomicron serine hydrolases across every
bacterial strain in the Human Microbiome Project Reference Genomes for the
Gastrointestinal Tract database via BLAST-P.

Hence, we sought to confirm whether BT3254 and BT4193 are indeed
hDPP4 homologs, determine their sensitivity to current FDA-approved
hDPP4 inhibitors and ascertain their physiological functions in
B. thetaiotaomicron.

BT4193 is afunctional homolog of hDPP4

By sequence identity, homologs of the hDPP4 enzyme are predicted
to be highly conserved and exclusively found within the Bacteroidetes
phylum (Fig.2aand Supplementary Table 6). Crystallographic studies
of hDPP4 have highlighted the following sets of residues key to the
activity of the protease: the catalytic triad (Ser630/Asp708/His740),
the hydrophobic S1-binding pocket (Tyr631/Val656/Trp659/Tyr662/
Try666/Val711) that confers P1specificity, the double-Glu motif that rec-
ognizes the free N-terminus of the substrate (Glu205/Glu206) and the
Argl25residue that hydrogen bonds with Glu205 and the P2 carbonyl

group®. Based on sequence alignments, both BT4193 and BT3254
have the conserved catalytic triad and Tyr662 and Tyr666 residues
that ring-stack with the P1Pro canonically found in hDPP4 substrates,
as well as similar residues forming the rest of the S1-binding pocket
(Fig. 2b and Supplementary Figs. 5 and 6). However, only BT4193 has
the double-Glu motif and a corresponding Arg residue to recognize
and stabilize the free N-terminus of a peptide substrate. Structural
homology modeling confirmed the alignment of these residues and
suggested that the orientation of the GIn-Glu motifin the predicted
structure of BT3254 may not be capable of forming salt bridges with
the N-terminus of a substrate (Fig. 2c).

To determine whether this sequence and structural homology
confer functional homology, we used the fluorogenic peptide sub-
strate GlyPro-7-amino-4-methylcoumarin (GP-AMC), which is tradi-
tionally used to measure hDPP4-like activity via proteolytic release of

Nature Chemical Biology


http://www.nature.com/naturechemicalbiology

Article

https://doi.org/10.1038/s41589-023-01357-8

a c d
hDPP4 ) GP-AMC
Actinobacteria Asp708
Bacteroidetes akalatal
H T *kkk
Firmicutes His740[ =
= °
: 2 100 | =
Synergistetes Q
=
@
Arg125) °
= 50 |
]
BLAST-P &
>
o9 =
S 0
<
= 150 & > X ]
|| @ 2 P
& & &
100 D ,bv
b’(\q
50 Q}
- >
hDPP4 . EYNYVKQWRHSYTASY ... DWVYEEEVFS ... IWGWSYGGYVT ... AVSRWEY'DSVVTERY ... HGTADDNVHF ... YTDEDHGIASS ...
BT4193 . ATKTTPIYRHSYTAVH ... DWVYEEE-FG ... IWGWSYGGYMT ... APTDWRFVDTIVTERF ... HGMADDNVHF ... YTNRNHGIYGG ...
BT3254 VSGK----------- Y ... QSVHRNE-FG ... VHGWSFGGHMT ... PVIDWGY'EVMYGERY ... HDDHDDTCVP ... YPCHKHNV-SG ...

Fig.2|BT4193 is afunctional homolog of human DPP4 (hDPP4). a, Heatmap
of the phylogenetic distribution of hDPP4 homologs across every bacterial strain
inthe Human Microbiome Project Reference Genomes for the Gastrointestinal
Tract database via BLAST-P. b, Multiple sequence alignment of hDPP4, BT4193
and BT3254. Residues relevant to hDPP4 function are colored red (catalytic triad,
Ser630/Asp708/His740), gold (S1-binding pocket, Tyr631/Tyr662/Try666) or
green (free amine-stabilizing residues, Arg125/Glu205/Glu206) along with their
corresponding residues in BT4193 and BT3254. ¢, Structural homology modeling
alignment of hDPP4 (gray; Protein Data Bank (PDB): 1)2E, chain B) and AlphaFold-
predicted structures of BT4193 (blue) and BT3254 (pink). Side chains of residues

relevant for the hDPP4 function highlighted in b and their corresponding
residues in BT4193 and BT3254 are shown, with numbering based on hDPP4.

d, Quantification of cleavage of canonical hDPP4 fluorogenic peptide substrate
GP-AMC in B. thetaiotaomicron lysate (ex/em:380/460 nm; mean +s.e.m.;n=6
independent replicates). Velocities of substrate cleavage are normalized to WT
velocity. Statistical significance was determined using a one-way ANOVA test with
post hoc Dunnett’s multiple comparisons tests compared with WT (P < 0.0001;
WT-ABT4193,P< 0.0001; WT-ABT3254,P=0.75; WT-ABT4193 ABT3254,
P<0.0001;***P<0.0001).

fluorescent AMC®. Wild-type (WT) B. thetaiotaomicron lysate cleaved
the substrate, suggesting that B. thetaiotaomicron has one or more pro-
teases with hDPP4-like activity (Fig. 2d). These results corroborate pre-
viously reported evidence of cleavage of a GP-p-nitroanilide substrate
by B. thetaiotaomicron, other speciesin the Bacteroidetes phylum®>*,
and mouse cecal contents*. To ascertain whether the putative hDPP4
homologs, BT4193 and BT3254, contribute to this hDPP4-like activity,
we generated single knockouts as well as the double knockout of these
genes. GP-AMC processing activity was completely eliminated in the
ABT4193 and ABT4193 ABT3254 strains but not in the ABT3254 strain,
suggesting that BT4193 is the only functional homolog of hDPP4 with
proline diaminopeptidase activity (Fig. 2d). We also recombinantly
expressed BT4193 and BT3254 and confirmed that only BT4193 can
cleave the GP-AMC substrate (Supplementary Fig. 7).

BT4193 is targeted by hDPP4 inhibitors

As BT4193 is afunctional homolog of hDPP4, we wanted to determine
ifit could be inhibited by compounds targeting the human enzyme,
including talabostat and several members of the gliptin class of
FDA-approved hypoglycemics for the treatment of type 2 diabetes
(Fig. 3a). Pretreatment with two covalent inhibitors, the boronic
acid-containing talabostat and the nitrile-containing saxagliptin,
specifically and dose-dependently blocked labeling of BT4193 with
FP-alkyne (1) as measured by competitive gel-based ABPP (Fig. 3b). Addi-
tionally, talabostat and saxagliptininhibited cleavage of the canonical
hDPP4 substrate GP-AMC in WT B. thetaiotaomicron lysate, as did the
noncovalentinhibitors sitagliptin and linagliptin, although toalesser
extent (Extended Data Fig. 2a). The relative potency of these four inhibi-
tors against BT4193 was confirmed using recombinantly expressed
enzyme, withtalabostat and saxagliptin having low nanomolar potency
against both hDPP4 and BT4193 and sitagliptin and linagliptin being
>100- and >1,000-fold weaker inhibitors against BT4193 compared
with hDPP4 (Fig. 3c and Extended Data Fig. 2b). None of these inhibi-
tors were active against recombinant BT3254 (Extended Data Fig. 2c).

BT4193 and BT3254 are prolyl aminopeptidases

To comprehensively profile the substrate specificity of BT4193 and
BT3254 inanunbiased manner, we applied hDPP4, BT4193 and BT3254
to multiplex substrate profiling by MS (MSP-MS), in which recom-
binant enzyme is added to a library of synthetic tetradecapeptides
whose cleavage is kinetically monitored by liquid chromatography
(LC)-MS. Similarto hDPP4, BT4193 primarily trimmed dipeptides from
the N-terminus of the substrates, especially after Pro or Ala residues
(Fig. 4a-c and Supplementary Table 7). Interestingly, BT3254 also
exhibited aminopeptidase activity but trimmed tripeptides with P1
Proor Ala, suggesting that it is atriaminopeptidase rather than a diami-
nopeptidase (Fig. 4a-c and Supplementary Table 7).

To confirm these activities, we synthesized a targeted library of
fluorogenic peptide substrates that all contained proline in the P1 posi-
tionand a 7-amino-4-carbamoylmethylcoumarin (ACC) reporter group.
The substrates were various lengths and with or without an acetyl cap
to determine the necessity of the free N-terminus. In agreement with
the results from our MSP-MS screen, we found that BT4193 is a diami-
nopeptidase like hDPP4 while BT3254 is a triaminopeptidase (Fig. 4d).
All three enzymes required substrates to have a free N-terminus, and
BT4193 only cleaved dipeptides whereas BT3254 cleaved tripeptides.
These substrate preferences were confirmed in vitro with B. thetaio-
taomicronlysate (Supplementary Fig. 8). The preference for P1Pro by
both enzymes was corroborated with asmall P1library of fluorogenic
peptide substrates (Extended Data Fig. 3), which matched the substrate
specificity of hDPP4 (ref. 35).

To more comprehensively map substrate specificity at the P2 and
P3 positions for each protease, we synthesized a series of positional
scanning synthetic combinatorial libraries of P1 Pro fluorogenic pep-
tides, in which each position is systematically scanned through each
naturalamino acid (excluding cysteine and methionine butincluding
norleucine) and the remaining positions are composed of anisokinetic
mixture of those amino acids. Screening the dipeptide library against
hDPP4 and BT4193 demonstrated a highly overlapping preference
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location of the band corresponding to BT4193 (predicted molecular weight,
84 kDa). Gel is representative of three independent experiments. ¢, Apparent
IC, values of recombinant hDPP4 and BT4193 after treatment with inhibitor
for 30 min before measuring activity via GP-AMC cleavage (mean + s.e.m.;n =2
independent replicates).

for bulky, hydrophobic P2 residues, although most residues could be
accommodated by both the bacterial and human enzymes (Fig. 4e and
Supplementary Fig. 9).Screening of two tripeptide libraries to scan the
P2 and P3 preferences of BT3254 also confirmed that the majority of
the residues could be tolerated in either position (Fig. 4f). Together,
these results suggest that the specificities of BT4193 and BT3254 are
driven primarily by the P1 proline residue and that both enzymes are
prolylaminopeptidases.

Loss of BT4193 causes sensitivity to cell envelope stressors

To characterize the functions of BT4193 and BT3254, we first sought
to identify the localization of these proteases in B. thetaiotaomicron
cells. Both enzymes are predicted to have a type | Sec signal peptide
cleavage site without alipoproteinmotifand are predicted tobe outer
membrane-associated (Supplementary Table 4). Additionally, previ-
ous studies suggest that these enzymes are not surface-exposed™®,
and homologs of BT4193 and BT3254 in the closely related Bacteroides
fragilis were not found to be secreted via proteomics”. Furthermore,
we did not detect the activity of either BT4193 or BT3254 (asindicated
by turnover of their substrates AP-ACC and AAP-ACC, respectively) in
B. thetaiotaomicron culture supernatants (Supplementary Fig. 10).
Thus, we conclude that BT4193 and BT3254 are likely localized in the
periplasm.

Based onthe predicted periplasmic localization, we hypothesized
that these enzymes may be important for some aspect of envelope
integrity. Previous fitness measurements of a pooled transposon library
demonstrated that transposon insertions in BT4193 have increased
susceptibility to a number of cell envelope stressors, including the

antibiotic vancomycin and the bile salt deoxycholic acid*® (Fig. 5a).
We confirmed that deletion of BT4193 results in a substantial growth
defect during vancomycin treatment (Fig. 5b,c),and ABT4193 ABT3254
cellsexhibited increased sensitivity to deoxycholic acid (Extended Data
Fig. 4a). Complementation with WT BT4193 (ABT4193::BT4193"") res-
cued thegrowth of ABT4193in the presence of vancomycin (Fig. 5b,c).
Interestingly, complementation with the catalytically inactive mutant
BT4193%°%" (ABT4193::BT4193%°%*) also rescued growth (Fig. 5b,c and
Extended Data Fig. 5). Additionally, ABT4193 and ABT4193 ABT3254
cells exhibited increased susceptibility to the antimicrobial peptide
polymyxin B (Fig. 5c and Extended Data Fig. 4b), which destabilizes
the outer membrane via binding to lipopolysaccharide molecules™.
These phenotypes did not reflect a general fitness defect because
ABT4193and ABT4193 ABT3254 cells were similarly sensitive as WT cells
to stressors such as pH, ethanol or sodium chloride (Extended Data
Fig. 6). Moreover, sensitivity to vancomycin and polymyxin B was not
due to a general increase in membrane permeability, as ABT4193 and
ABT4193 ABT3254 cells did not exhibit increased uptake of fluorescent
vancomycin or propidiumiodide (Supplementary Fig.11). These results
suggest that BT4193 has a pivotal role in conferring resistance to various
cell envelope stressors through a noncatalytic mechanism.

BT4193 isimportant for fitness within bacterial communities

Previous studies demonstrated that treatment of a diabetic mouse
model with saxagliptinleads to the depletion of bacteria fromthe Bac-
teroidetes phylumin the gut*’. However, this model does not allow for
the deconvolution of the effect of inhibiting the host DPP4 enzyme
versus bacterial DPP4 enzymes. Thus, to determine whether BT4193
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Fig. 4 |Substrate specificity of BT4193 and BT3254 is driven by P1Pro.

a-c, Substrates cleaved by recombinant hDPP4, BT4193 and BT3254 based on
MSP-MS, defined as significant fold-change between O hand 4 h of incubation
(n=4independent replicates), quantified as a Venn diagram (a) by the site of
cleavage within the 14-mer peptide and (b) asiceLogo plots of the 20 cleavage
sites that occurred at position 2 for hDPP4, 18 cleavage sites that occurred at
position 2 for BT4193 and 11 cleavage sites that occurred at position 3 for BT3254
(c). For theiceLogo plots, the negative datasets are the 228 cleavage sites at
position 2 for hDPP4 and BT4193 or position 3 for BT3254 within the library
(amino acids in black are significantly enriched (P < 0.05), amino acids in gray
have P<0.50; M, norleucine). d, Quantification of cleavage of fluorogenic

peptide substrates by recombinant hDPP4, BT4193 and BT3254 (ex/em:

355/460 nm; mean +s.e.m.; n =9 independent replicates). Initial velocities

were normalized to the best substrate (H,N-AP-ACC for hDPP4 and BT4193 and
H,N-AAP-ACC for BT3254). BT4193 is a diaminopeptidase like hDPP4 and BT3254
isatriaminopeptidase. e, Quantification of cleavage velocity of a P2Pro-ACC
positional scanning library relative to the peptide with the highest turnover

for recombinant hDPP4 and BT4193 (ex/em:355/460 nm; mean =s.e.m.;n=6
independent replicates). f, Quantification of cleavage velocity of xP2Pro-ACC
and P3xPro-ACC positional scanning libraries by recombinant BT3254 relative
to the peptide in the library with the highest turnover (ex/em:355/460 nm;
mean +s.e.m.; n=6independent replicates).

hasaroleintheestablishment of B. thetaiotaomicronin adiverse com-
plex bacterial community, we used a synthetic in vitro community of
14 stool-derived gut commensals that can be stably maintainedinrich

media and reflects the diversity of bacterial families in the host from
which the isolates were obtained*"** (Fig. 6a). The 14 members com-
prise several Bacteroides species and a Parabacteroides species in the
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Fig. 5| BT4193 confersresistance to envelope stressors vancomycin and
polymyxinB. a, Fitness scores for BT4193 and BT3254 from screening a genome-
wide randomly barcoded transposon insertion B. thetaiotaomicron mutant
library in >500 conditions™. Fitness scores outside the 99.7% confidence interval
are considered significant, and significant conditions representing cell envelope
stressors are colored blue. b, Growth of B. thetaiotaomicron strains during
vancomycin treatment. ¢, Quantification of the areaunder the growth curve

for treatment with vancomycin and polymyxin B was normalized to the growth
curve of untreated cultures. Deletion of BT4193 substantially impacted fitness
inthe presence of vancomycin (mean + s.e.m.; n =1lindependent replicates)

+0 pg ml™ vancomycin
+16 pg ml™ vancomycin

and polymyxin B (mean +s.e.m.; n =15independent replicates for WT, ABT4193,
ABT3254, ABT4193 ABT3254; n=12 independent replicates for ABT4193::BT4193""
and ABT4193::BT4193%°%4), Statistical significance was determined using a one-
way ANOVA test with post hoc Dunnett’s multiple comparisons tests compared
with WT (vancomycin: P < 0.0001; WT-ABT4193, P < 0.0001; WT-ABT3254,
P=0.86; WT-ABT4193 ABT3254,P < 0.0001; WT-ABT4193::BT4193"", P=1.00;
WT-ABT4193::BT4193%°%A, P=0.85; polymyxin B: —P < 0.0001; WT-ABT4193,
P<0.0001; WT-ABT3254,P=0.74; WT-ABT4193 ABT3254,P=0.0001; WT-
ABT4193::BT4193"", P=0.42; WT-ABT4193::BT4193%°%A, P= 0.92;***P<0.001,
P < (0.0001).

Bacteroidetes phylum, but not B. thetaiotaomicron. The single- and
double-knockout strains did not exhibit any growth defects during
monoculture growth in the rich brain heart infusion (BHI) medium
(Extended Data Fig. 7). When any of our B. thetaiotaomicron strains
were added individually to the 14-member community, overall com-
munity composition was not dramatically altered (Extended Data
Fig. 8). However, the relative abundance of the ABT4193 and ABT4193
ABT3254 strains was significantly lower than that of WT (Fig. 6b).

Totest the extent to which the lower fitness of the knockouts was sen-
sitive to the nutrient environment, we passaged the same 15-member
communities in modified Gifu anaerobic medium (mGAM), anotherrich
mediumthat supportsrapid growth of Bacteroides species (Extended
DataFig. 7). Similar to BHI, the ABT4193 and ABT4193 ABT3254 strains
were at lower relative abundance levels than WT in mGAM (Fig. 6¢)
without any concomitant growth defects in monoculture, indicating
that the hDPP4 homolog BT4193 generally has an important role in
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Fig. 6| BT4193, but not hDPP4-targeting drugs, impacts B. thetaiotaomicron
fitness during in vitro growth in diverse communities. a, Schematic
representation of synthetic community experiments. Fourteen human gut
commensal species were cocultured with one of six B. thetaiotaomicron

strains (WT, ABT4193, ABT3254, ABT4193 ABT3254, ABT4193::BT4193"" or
ABT4193::BT4193%°") for 48 hin BHI or mGAM. The relative abundance of each
species was quantified using 16S rRNA sequencing. b, Quantification of the relative
abundance of B. thetaiotaomicron within each synthetic community cocultured
inBHI (mean + s.e.m.; n=8independent replicates for WT, ABT4193, ABT3254,
ABT4193 ABT3254; n=4independent replicates for ABT4193::8T4193"" and
ABT4193::BT4193%%%"), Statistical significance was determined using a one-way
ANOVA test with post hoc Dunnett’s multiple comparisons tests compared with
wildtype (P<0.0001; WT-ABT4193, P= 0.0005; WT-ABT3254, P= 0.48; WT-ABT4193
ABT3254,P<0.0001; WT-ABT4193::BT4193"", P= 0.23; WT-ABT4193::BT4193%0%A,
P=0.15;**P<0.001; ***P< 0.0001). ¢, Quantification of the relative abundance

of B. thetaiotaomicron within each synthetic community cocultured in mGAM
(mean +s.e.m.;n=8independentreplicates for WT, ABT4193, ABT3254,

ABT4193 ABT3254; n=4independent replicates for ABT4193::BT4193"" and
ABT4193::BT4193%%%*), Statistical significance was determined using a one-way
ANOVA test with post hoc Dunnett’s multiple comparisons tests compared with

wildtype (P<0.0001; WT-ABT4193, P< 0.0001; WT-ABT3254, P=0.98; WT-ABT4193
ABT3254,P<0.0001; WT-ABT4193::BT4193"", P= 0.74; WT-ABT4193::BT4193%%*,
P=0.58;***P<0.0001).d, Quantification of the relative abundance of WT B.
thetaiotaomicronin synthetic communities after 48 h of treatment with 10 pM
saxagliptin or 10 uMsitagliptinin BHI (mean + s.e.m.; n =4 independent replicates).
Lack of statistical significance was determined using aone-way ANOVA test
(P=0.2273). e, Quantification of the relative abundance of WT B. thetaiotaomicron
insynthetic communities after 48 h of treatment with 10 pM saxagliptin or

10 pM sitagliptinin mGAM (mean + s.e.m.; n =4 independent replicates). Lack of
statistical significance was determined using a one-way ANOVA test (P= 0.31).

f, Quantification of the relative abundance of bacteria from the phylum Bacteroidetes
inarepresentative stool-derived community after 48 h of treatment with 10 pM
saxagliptinor 10 pMsitagliptin grown in BHI (mean + s.e.m.; n =3 independent
replicates). Lack of statistical significance was determined using aone-way

ANOVA test (P=0.48).g, Correlation of the relative abundance of each amplicon-
sequence variant (ASV) between 48 h of vehicle (DMSO) and drug treatmentina
representative stool-derived community grownin BHI. Plotted values for each ASV
represent the mean of three independent replicates. Each ASV is colored by family.
ASVs within the phylum Bacteroidetes are emphasized with ablack outer ring.
Dotted lines at 10~ represent the limit of detection for sequencing depth.
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the fitness of B. thetaiotaomicron specifically within diverse bacterial
communities. Much like sensitivity to cell envelope stressors (Fig. 5b,c
and Extended Data Fig. 4), strains expressing the catalytically inactive
mutant BT4193%°°* (ABT4193::BT4193%°°°*) did not exhibit a fitness
defect (Fig. 6b,c), and targeting BT4193 with saxagliptin or sitagliptin
did not affect the levels of B. thetaiotaomicron or the other Bacteroi-
detes speciesin the community (Fig. 6d,e and Supplementary Fig. 12).
Thus, fitness defects within these synthetic communities are dependent
on noncatalytic functions of BT4193.

To determine whether hDPP4-targeting drugs are likely to affect
the composition of more diverse communities with abroader range of
Bacteroidetes species, we treated eight in vitro communities derived
fromthestool ofindividual healthy donors. These stool-derived com-
munities are highly diverse and maintain a stable composition during
repeated passaging in BHI and mGAM™. Similar to our 15-member
synthetic community, treatment with either saxagliptin or sitagliptin
for 48 hdid not affect the relative abundance of Bacteroidetes species
(Fig. 6f and Extended Data Fig. 9) or the overall composition of any of
the communities (Fig. 6g and Supplementary Fig. 13). Thus, in vitro
community composition and B. thetaiotaomicronfitnessin theserich
media are not dependent on the proteolytic functions of BT4193.

Discussion

Serine hydrolases have critical roles in mammalian pathophysiology,
includinginflammation, blood clotting and neurotransmitter signaling.
Asaresult, they have been successfully targeted with small-molecule
drugs for the treatment of a wide variety of human diseases'”. How-
ever, little is known about the diversity and function of this enzyme
superfamily in the phylogenetically divergent bacteria that comprise
the human gut microbiota. Our bioinformatic approach should enable
the identification of predicted serine hydrolases more broadly in the
gut microbiota, and then these predictions can be functionally vali-
dated using chemoproteomics. Our analysis suggests that there are
severaltypes of bacterial serine hydrolases that are not foundin humans
(Fig.1a), indicating that simple protein BLAST analyses based on known
serine hydrolases in humans will fail to identify many of these enzymes
inbacteria. Furthermore, our findings that BT4193 has functional roles
independent of its proteolytic activity indicate theimportance of using
methods other than simple genetic disruption to define the functions
of predicted serine hydrolases.

The increased sensitivity of ABT4193 cells to vancomycin and the
cationic antimicrobial peptide polymyxin B (Fig. 5) supportsarole for
BT4193 in regulating the integrity of the cell envelope. Polymyxin B
is an antimicrobial peptide that acts via pore formation to which WT
B. thetaiotaomicron is only mildly susceptible®’. Vancomycin, which
prevents cross-linking of nascent peptidoglycan chains in the cell
wall, is traditionally thought to target Gram-positive bacteria because
Gram-negative bacteria have an outer membrane surrounding the
peptidoglycan layer that can act as abarrier to vancomycin and confer
resistance**. Mutantsin Escherichia coli* and Caulobacter crescentus*®
that modulate outer membrane permeability have increased sensitivity
to both vancomycin and deoxycholicacid, similar to the phenotypes of
B. thetaiotaomicron strains lacking BT4193. However, we showed that
ABT4193and ABT4193 ABT3254 cells do not exhibit ageneralincreasein
uptake of fluorescent vancomycin or propidiumiodide (Supplementary
Fig.11). Thegrowth defects of ABT4193and ABT4193 ABT3254 cells across
multiple types of cell envelope stressors provide strong evidence that
BT4193 has an important role in maintaining envelope integrity, but
through amodality unrelated to general membrane leakiness. Because
complementation with either WT or catalytically inactive BT4193 res-
cued susceptibility to these stressors (Fig. 5), this function of BT4193
likely contributes to the integrity of the periplasmic space through a
noncatalytic function such as protein-protein interactions. Although
several critical hDPP4 functions are mediated through protein-pro-
tein interactions involving its B-propeller domain'®, the N-linked

glycosylation sites and cysteine residues in the glycosylation-rich and
cysteine-rich regions of hDPP4 are not conserved in BT4193, limiting
our ability to predict protein-binding partners with BT4193. Relative
to other Gram-negative bacteriafrom the Proteobacteriaphylumsuch
as E. coli, little is known about the architecture of the cell envelope in
Bacteroides species beyond differences in the lipid A component of
lipopolysaccharide molecules®. This knowledge gap makes further
characterization of ABT4193 phenotypes challenging. Future studies
using techniques such asimmunoprecipitation-MS may help toidentify
and validate key interactors for BT4193 in B. thetaiotaomicron.

Within a variety of diverse in vitro communities, hDPP4-targeting
drugs did not affect the relative abundance of bacteria from the phy-
lum Bacteroidetes, consistent with our finding that B. thetaiotaomi-
cron’s niche is independent of the proteolytic activity of BT4193
(Fig. 6). Nonetheless, the presence of BT4193 significantly impacted the
establishment of B. thetaiotaomicron withincommunities (Fig. 6). The
ability to modulate the B. thetaiotaomicron levels through targeting
BT4193 has exciting implications for subtle community engineering;
current tools for editing community composition such as antibiotics
and bacteriophages typically have more drastic effects on community
diversity and composition. Our findings highlight the importance of
combining ABPP, cellular physiology interrogation and in vitro com-
munity growth to fully characterize the function of bacterial enzymes
within the gut microbiota and define the extent to which drugs that
target human proteins impact the gut microbiota.

The role of BT4193 in B. thetaiotaomicron physiology and fitness
is particularly important considering 10% of patients with diabetes in
the US take hDPP4 inhibitors*®, As aresult, any cross-reactivity of these
drugs with bacterial enzymes could impact microbial communities
inthe gut. We assessed the off-target effects of several FDA-approved
inhibitors, such as saxagliptin (Onglyza), sitagliptin (Januvia) and
linagliptin (Tradjenta), on BT4193 (Fig. 3). The potency of these inhibi-
tors against BT4193 matched their known selectivity for hDPP4 over
other human prolyl oligopeptidases* and was similar to their effi-
cacy againstan hDPP4 homologinanother bacterial species from the
phylum Bacteroidetes, Porphyromonas gingivalis®°. The inhibitors
sitagliptin and linagliptin derive their selectivity by occupying the
S, extensive and S,’/S,” pockets on hDPP4, respectively®’. The lack of
potency of sitagliptin and linagliptin against BT4193 may be driven by
similar differences within its binding pocket. While hDPP4 inhibitors
are primarily cleared renally, 20% of saxagliptin®* and 10% of sitaglip-
tin** are eliminated fecally, suggesting that B. thetaiotaomicron may
be exposed to substantial concentrations of these drugs in the gut.
Despite thislikely exposure, we showed that treatment with saxagliptin
or sitagliptin does not affect the fitness of B. thetaiotaomicron or other
Bacteroidetes speciesin synthetic or stool-derived in vitro communi-
ties (Fig. 6). These results suggest that the depletion of bacteria from
the Bacteroidetes phylum upon saxagliptin treatment seen previously
in a diabetic mouse model** may be due to inhibition of the host rather
thanbacterial DPP4 enzymes. One caveat is that the mice in the diabe-
tes model were treated for 8 weeks with saxagliptin*’, as opposed to
the single 48-h dose we applied to in vitro communities. Therefore,
we cannot rule out that prolonged exposure may have detrimental
effects on the gut microbiota of patients with diabetes through direct
targeting of BT4193. Regardless, these results highlight theimportance
of thorough functional analysis of potential off-targets for existing
drugs tocomplement bioinformatic predictions to determine whether
unintended impacts on the microbiota are likely.

Although we have identified several critical functions of BT4193,
theseroles are not dependent onits proteolytic activity. Future efforts
tomap the endogenous substrates of BT4193 using proteomic methods
should provide molecular insight into other functions of BT4193. In
addition to potentially having specific peptide or protein targets, both
BT4193 and BT3254 may contribute to global protein catabolism. The
phylogenetically related oral pathogen P. gingivalisis an asaccharolytic
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bacteriumthat relies on anetwork of peptidases, including homologs
of BT4193 and BT3254, to generate dipeptides and tripeptides from
exogenous proteinthat canbe more easilyimportedinto the cytoplasm
for protein catabolism®*. Unlike P. gingivalis, the hallmark of gut com-
mensal bacteriafrom the Bacteroidetes phylumis their carbohydrate
utilization capabilities. Nevertheless, our chemoproteomic profiling of
B.thetaiotaomicronidentified several other putative dipeptidyl pepti-
dases that may complete anetwork homologous to thatin P.gingivalis.
Eveninthe asaccharolytic P. gingivalis, fitness defects emerged onlyin
atriple-knockout strain®. Thus, there may be compensatory regulation
of peptidase activities that obscures defects in nutrientacquisitionin
the single-and double-deletion strains used in this study. Future inves-
tigation willbe required to clarify how these enzymesinteract with the
larger network of dipeptidases in B. thetaiotaomicron.

Previous studies identified DPP4 activity in the cecum of germ-
free mice, likely from host DPP4 (ref. 56), and FP-reactive hDPP4 can
be found in human fecal samples®. Interestingly, some of the canoni-
cal peptide hormone substrates of hDPP4 are secreted into the gut
lumen—peptide YY is primarily secreted luminally*® and has a role
in regulating ion and water absorption®’, and GLP1 has been shown
to be secreted apically in ex vivo intestinal tissue®’. The physiologi-
cal impact of the luminal secretion of these peptide hormones and
hDPP4 is not yet understood, but likely contributes to the multifaceted
role of bacterial DPP4 enzymes in the diverse community within the
gutlumen.

Overall, our study demonstrates how a combination of bioin-
formatics and chemoproteomics can identify and prioritize physi-
ologically relevant, druggable enzymes in gut commensal bacteria.
Thisapproachledtothe successful characterization of two proteases
and the discovery of an hDPP4 homolog whose function, atleast in part,
is not dependent on its proteolytic activity. Moreover, our findings
highlight the power of a bottom-up approach to uncover molecular
regulators of the dynamics of microbial communities. This approach
canbesimilarly applied to other key gut commensal bacterial species.
Finally, it underscores the need to broadly understand the possible
off-target effects of existing drugs onbacterial enzymes and how they
canimpact the gut microbiota.
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Methods

Chemicals

BHI medium was purchased from Millipore and BD, and mGAM was
purchased from HyServe. GP-AMC was purchased from Santa Cruz
Biotechnology. Z-GP-AMC was purchased from Bachem. Recombinant
hDPP4 was purchased from Sino Biological. Talabostat mesylate and
sitagliptin were purchased from AChemBlock. Saxagliptin and lina-
gliptinwere purchased from Carbosynth. Fmoc-protected amino acids
(Fmoc-Ala-OH, Fmoc-Asp(tBu)-OH, Fmoc-Glu(tBu)-OH, Fmoc-Phe-OH,
Fmoc-Gly-OH, Fmoc-His(Trt)-OH, Fmoc-lle-OH, Fmoc-Lys(Boc)-OH,
Fmoc-Leu-OH, Fmoc-Nle-OH, Fmoc-Asn(Trt)-OH, Fmoc-Pro-OH,
Fmoc-GIn(Trt)-OH, Fmoc-Arg(Pbf)-OH, Fmoc-Ser(But)-OH,
Fmoc-Thr(But)-OH, Fmoc-Val-OH, Fmoc-Trp(Boc)-OH and
Fmoc-Tyr(tBu)-OH) were purchased from Advanced ChemTech,
Chem-Impex, AAPPTec and Novabiochem. Vancomycin hydrochlo-
ride from Streptomyces orientalis was purchased from Sigma-Aldrich.
Deoxycholic acid sodium salt was purchased from Fluka. Polymyxin B
(sulfate) was purchased from Cayman Chemical. BODIPY FL vancomy-
cin was purchased from Thermo Fisher Scientific. Propidium iodide
was purchased from Sigma-Aldrich. Mounting media with DAPI was
purchased from Abcam. FP-tetramethylrhodamine (TMR) and FP-biotin
have been previously reported®. Synthetic methods for solid-phase
peptide synthesis of fluorogenic peptides and positional scanning
libraries and FP-alkyne (1) areincluded in Supplementary Information.

Bacterial strains and growth conditions

All bacterial strains and plasmids used in this study are listed in Sup-
plementary Table 8. For MS-based ABPP and cloning of genomic DNA,
B. thetaiotaomicron VPI-5482 was used, and for the remainder of the
biological characterization assays, WT B. thetaiotaomicron refers to
the parent strain B. thetaiotaomicron Atdk. All B. thetaiotaomicron
strains were grown anaerobically (90%N,, 5% CO,and 5% H,) at 37 °Cin
BHImedium, Varel-Bryant minimal medium supplemented with 0.5%
glucose (VBG), or modified mGAM. BHI was supplemented with hemin
and L-cysteine (BHIS for bacterial genetics and mBHIS for microbiol-
ogy) or heminand vitamin K1 (BHIK for bacterial communities). Exact
mediarecipes are detailed in Supplementary Table 9. All £. coli strains
were grown aerobically at 37 °Cin Luria Broth (LB) supplemented with
100 pg ml™ carbenicillinas necessary for B. thetaiotaomicron mutagen-
esisand LB for protein expression.

Cleandeletions were generated in B. thetaiotaomicronin BHIS, as
previously described®’. Briefly, suicide plasmids containing the flank-
ing regions of BT3254 and BT4193 were amplified and assembled into
pExchange-tdk using a Gibson Assembly Cloning Kit (New England
Biolabs). Plasmid inserts were verified by Sanger sequencing, and the
resulting plasmids (pRBC9 and pRBCS, respectively) were propagated
in E. coliDH5a Apir.

To generate B. thetaiotaomicron ABT4193 and B. thetaiotaomicron
ABT3254, the suicide plasmids pRBC8 and pRBC9, respectively, were
conjugated into B. thetaiotaomicron Atdk using S17-1 Apir as the con-
jugative donor strain. Exconjugants with chromosomally integrated
plasmids were recovered on BHIS plates containing 200 pg ml™ gen-
tamycin and 25 pg ml™ erythromycin. Second crossover events were
selected using FudR plates (BHIS plates supplemented with 200 pg mi™
5-fluoro-2-deoxy-uridine). Deletion of the target gene was confirmed
by PCR. B. thetaiotaomicron Atdk ABT4193 ABT3254 was generated by
conjugating pRBC8into B. thetaiotaomicron Atdk ABT3254 and follow-
ing the selection steps listed above.

Complemented strains were generated by inserting either the WT
or catalytically inactive mutant of BT4193 into the intergenic spaces
between BT2113-BT2114 and BT3743-BT3744 with the upstream WT
promoter region. The plasmids pKI_2 and pKI_1 are the pExchange-tdk
plasmid containing either the flanking regions for BT2113-BT2114 and
BT3743-BT3744, respectively. Plasmids were cut with BamHI, and the
amplified BT4193"" or BT4193%°** genes were inserted. For the BT4193%"

complementation plasmid (pRBC13), the WT B. thetaiotaomicron
genome was used as a template for the promoter and coding regions
of BT4193. For the BT4193%°% complementation plasmid (pRBC18),
the pET28a-BT4193_S606A-His plasmid served as a template for the
catalytically inactive BT4193 gene, whereas the WT genome served asa
template for the promoter region. S17-1Apirharboring complementa-
tion plasmids served as the conjugative donor strain. Double crossovers
were created as previously described and confirmed via PCR.

Bioinformatic analysis of serine hydrolases

To predict serine hydrolases, a list of serine hydrolase-associated
Pfam domains was generated by compiling the Pfam domains associ-
ated with each family of serine peptidases in the MEROPS database
(https://www.ebi.ac.uk/merops/), each family of alpha/beta-hydrolases
in the ESTHER database (https://bioweb.supagro.inrae.fr/ESTHER/
general?what=index) and FP-reactive proteins identified by ABPP in
humans®, Arabidopsis thaliana®®, M. tuberculosis®, Staphylococcus
aureus®, Staphylococcus epidermidis®, Vibrio cholerae®, Sulfolobus
solfataricus and Haloferax volcanii”. Each proteome of interest was
downloaded from UniProt as a fasta file in March 2022. Proteomes
were annotated with Pfam domains using pfam_scan.pl (http://ftp.ebi.
ac.uk/pub/databases/Pfam/, November 2021). From each annotated
proteome, proteins annotated with serine hydrolase-associated Pfam
domains withan E'value < 0.0001 were considered serine hydrolases.
Identified serine hydrolases were then tallied by the Pfam domain,
and the heatmap of the number of each type of serine hydrolase was
generated using the pheatmap package with clustering in R. Predicted
serine hydrolases from B. thetaiotaomicron were compared with
its carbohydrate-active enzymes annotated on the CAZY database
(http://www.cazy.org/) using the eulerr package inR.

To assess the conservation of active serine hydrolases identified
in B. thetaiotaomicron throughout the gut microbiota, the pep.faa
file for reference organisms isolated from the gastrointestinal tract
as part of the National Institutes of Health (NIH) Human Microbiome
Project (https://www.hmpdacc.org/hmp/HMRGD/, retrieved Decem-
ber 2019) was downloaded. This faa file was converted into a BLAST
database using the makeblastdb application from National Center
for Biotechnology Information BLAST+ v2.7.1. A protein fasta file of
B. thetaiotaomicron active serine hydrolases was queried against this
database using the blastp application with aminimum E value of 10,
These homologs were then sorted by the bacterial strain of origin and
query proteinsequence, and -log;,£ was calculated for eachhomolog.
For representation purposes, all BLAST-P E values of O were set equal
to 1072%. The heatmap of —log,,F was generated using the pheatmap
package without clusteringin R. This approach was also used to assess
the conservation of hDPP4 in the gut microbiota.

To compare human DPP4 to putative B. thetaiotaomicron
homologs BT4193 and BT3254 and other aminopeptidases, protein
sequences were downloaded from UniProt and aligned using the
web-based Clustal Omega tool (https://www.ebi.ac.uk/Tools/msa/
clustalo/). Phylogenetic trees from multiple sequence alignments
were visualized using FigTree v1.4.4. Predicted structures of BT4193
and BT3254 were generated using the web-based AlphaFold®? Colab
tool (https://colab.research.google.com/github/deepmind/alphafold/
blob/main/notebooks/AlphaFold.ipynb) and aligned to the crystal
structure of hDPP4 (PDB 1J2E) using the MatchMaker functionin UCSF
Chimerav.1.13.1. Protein domains of hDPP4, BT4193 and BT3254 were
predicted using the web-based InterPro tool (https:/www.ebi.ac.uk/
interpro/), and subcellular localization of the FP-reactive serine hydro-
lasesin B. thetaiotaomicron was predicted with the web-based tools Sig-
nalP 5.0 (https://services.healthtech.dtu.dk/service.php?SignalP-5.0),
CELLO® and PSORTDb (https://www.psort.org/psortb/index.html).

Toidentify stressors that cause fitness defects with the disruption
of BT4193 or BT3254, fitness scores for both genes were extracted from
achemical genetics dataset screening fitness of arandomly barcoded
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transposoninsertion B. thetaiotaomicron mutantlibrary in >500 condi-
tions*®. BT4193 or BT3254 fitness scores 3 s.d. away from the mean were
determined to be significant.

MS-based ABPP sample preparation and analysis

B. thetaiotaomicron VPI-5482 cultures were grown in 30 mlof mBHlin
triplicate for 72 hbefore being aliquoted into three separate tubes and
pelleted. For each biological replicate, the pellet was resuspended in
200 pl of 25 uM FP-TMR in PBS or 0.05% DMSO in PBS and incubated
anaerobically for 30 minat 37 °C. Then, 2 pl of either 500 pM FP-biotin
(final concentration, 5 uM) or DMSO was added to each sample and
incubated anaerobically for 30 min at 37 °C. Bacterial pellets were
stored at 20 °C before sample preparation.

Treated B. thetaiotaomicron cell pellets were thawed, diluted in
200 plof PBS and lysed by probe sonication. The proteomes were dena-
tured and precipitated using 4:1MeOH/CHCl,, resuspended in 0.5 ml of
6 MureainPBS, reduced using tris(2-carboxyethyl)phosphine (10 mM)
for30 minat37 °Cand thenalkylated using iodoacetamide (40 mM) for
30 minatroomtemperatureinthe dark. The biotinylated proteins were
enriched with PBS-washed Pierce Streptavidin Agarose beads (100 pl
per sample) by rotating at room temperature for 1.5 hin PBS with 6 ml
0f 0.2% SDS. The beads were then washed sequentially with 5 ml of 0.2%
SDSin PBS (3x),5 mI PBS (3x) and 5 mI H,O (3x). On-bead digestion was
performed using 2 pg of sequencing-grade trypsin (Promega) in200 pl
of 2Mureain 100 mM triethylammonium bicarbonate (TEAB) buffer
with 2 mM CaCl, for12-14 hat 37 °C.

Tryptic digests were desalted using C18 solid-phase extraction
(SPE). C18 SPE plates (Thermo Fisher Scientific) were conditioned by
the addition of acetonitrile (ACN) to each well and plates were centri-
fuged at 750g for 2 min. This process was repeated with 200 pl of buffer
A(0.1%formicacid in water). Samples were diluted with 560 pl of buffer
Aandtriturated with a pipette to mix. A portion (560 pl) of each sample
was addedtoseparate wells of the SPE plate, the sample was allowed to
slowly load over 5 min and then the plate was centrifuged for 5 min at
200g. The remaining sample volume was loaded into the same well of
the SPE plate, and the loading step was repeated. Samples were washed
twice with buffer A (200 pl, then100 pl) followed by centrifugation of
the SPE plate at 200g for 5 min after each wash. Samples were eluted
intoaclean 96-well plate by the addition of 60 pl of buffer B (70% ACN
and 0.1% formic acid in water) and centrifugation at 200g for 5 min.
Samples were dried by centrifugal vacuum concentrator (50 °C, over-
night) and resolubilized in 100 pl of 100 mM TEAB, pH 8.5 containing
30% ACN. Peptides were labeled with the addition of tandem mass tags
(TMT) 3 pl per channel, 19.5 pg pl™) to each sample and incubated at
room temperature for 30 min. Hydroxylamine (8 pl, 5% in water) was
subsequently added to quench the labeling reaction (15 min), and
the TMT-labeled samples were mixed and desalted on C18 using the
protocol described above.

Nanoflow LC-MS/MS measurements were performed on an Ulti-
mate 3000 (Thermo Fisher Scientific) interfaced with an Orbitrap
Fusion Lumos Tribrid mass spectrometer (Thermo Fisher Scientific)
via an EASY-Spray source (Thermo Fisher Scientific). Peptides were
separated on an EASY-Spray PepMap RSLC C18 column (2 pm particle
size, 75 um x 50 cm; Thermo Fisher Scientific, ES801) heated to 55°C
using a flow rate of 400 nl min™. The compositions of LC solvents were
as follows: solvent A (water and 0.1% formic acid) and solvent B (95%
ACN, 5% water and 0.1% formic acid). Peptides were eluted over 4 h
using the linear gradient, 2.5-215 min (3-35% solvent B), 215-230 min
(25-40% solvent B), 230-231 min (45-70% solvent B), 231-233 min
(70-90% solvent B), 233-234 min (5-70% solvent B), 234-236 min
(70-90% solvent B) and 236-240 min (3% solvent B).

MS datawere acquired using an MS3 data-dependent acquisition
method. MS1 profile scans were acquired in the Orbitrap (resolution,
120,000; scanrange, 375-1,500 m/z ; AGC target, 4 x 10°and maximum
injection time, 50 ms). Monoisotopic peak determination was set to

‘peptide’. Only charge states 2-5 were included. Dynamic exclusion
was enabled (repeat count, n =1; exclusion duration, 60 s; mass toler-
ance:low,10 ppmand high, 10 ppm, excluding isotopes). Anintensity
threshold of 5 x 10* was set. Data-dependent MS2 spectra were acquired
incentroid mode across amassrange of 400-1,200 m/z. Precursorions
were isolated using the quadrupole (isolation window, 0.7 m/z), frag-
mented using collision-induced dissociation (CID) (collision energy,
35%; activation time, 10 ms and activation Q, 0.25) and detected in
theiontrap (scanrange mode, auto m/znormal; scanrate, rapid; AGC
target, 1 x 10* and maximum injection time, 50 ms). Data-dependent
MS3 spectra were acquired in the Orbitrap (resolution, 50,000; scan
range, 100-500 m/z; AGC target, 1 x 10°and maximum injection time,
105 ms) following higher-energy collisional dissociation (HCD) activa-
tion (collision energy, 65%) using Synchronous Precursor Selection
from up to 10 precursors.

Peptide and protein identifications were performed using
MaxQuant v.1.6.0.16 (ref. 64) using the search engine Andromeda®.
Group-specific parameters were set to ‘Reporterion MS3’ with10plex
TMT isobaric labels for N-terminal and lysine residue modification
selected. Reporter mass tolerance was set to 0.003 Da. The following
parameters were used: carbamidomethylation of cysteines as fixed
modifications, oxidation of methionine and acetylation of N-terminus
as dynamic modifications and trypsin/P as the proteolytic enzyme.
Default settings were used for all other parameters. Searches were
performed against the UniProt database for B. thetaiotaomicron VPI-
5482 (Proteome ID: UP0O00001414, downloaded April 2019) with the
following parameters: minimum peptide length, 6; maximum peptide
mass, 6,000 Da; minimum peptide length for unspecific search, 6 and
maximum peptide length for unspecific search, 40. Identification was
performed with at least two unique peptides and quantification only
with unique peptides.

Statistical analyses were performed with Perseus v.1.6.0.7
(ref. 66). Putative contaminants, reverse hits and proteins identified
by side only were removed. Label-free quantitation intensities were
log,-transformed. Missing values were imputed using a normal distri-
bution (width, 0.3; down-shift, 1.8). P values were calculated using a
two-sided, two-sample t-test. Proteins considered to be enriched serine
hydrolases had aminimum fold-change of 3 (log, fold-change of 1.58)
and minimum Pvalue of 0.05 (-log;, 0f 1.30).

Cloning, expression and purification of recombinant BT4193
and BT3254

Allenzymes were purchased from New England BioLabs. A single colony
of B. thetaiotaomicron VPI-5482 was boiled in 10 pl of water at 95 °C
for 5 min to isolate genomic DNA. The genomic sequences for BT4193
and BT3254 were amplified and then cloned into the pET28a plasmid
with a C-terminal His, tag using Gibson assembly following the manu-
facturer’s instructions (for primer sequences, see Supplementary
Table 8). For the creation of the catalytically inactive BT4193 plasmid
(pET28a-BT4193%°%-His) used in the generation of the BT4193%°0%
complementation strain, site-directed mutagenesis was performed
using the Q5 Site-Directed Mutagenesis Kit (for primer sequences,
see Supplementary Table 8). Successful cloning was confirmed by
selection on 50 pg ml™kanamycin followed by Sanger sequencing. The
plasmids pET28a-BT4193-His and pET28a-BT3254-His (Supplementary
Table 8) were transformed into chemically competent E. coli Rosetta
2(DE3) cells with selection using 50 pg ml™ kanamycin and 34 pg mi™*
chloramphenicol for expression.

Forrecombinant BT4193, an overnight culture of transformed cells
wasinoculated into11ofLB supplemented with 50 pg ml™ kanamycin
and 34 pg ml™ chloramphenicol and grown with shaking until the opti-
cal density at 600 nm (ODy,,) = 0.6. After the culture was cold-shocked
onicefor20 min, 0.1 mMisopropyl 3-D-1-thiogalactopyranoside (IPTG)
wasaddedtothe culture toinduce protein expression, and the culture
wasincubated for20 hat19 °C. The bacterial pellet was flash-frozenin
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liquid nitrogen (LN,) and stored at —80 °C. The pellet was lysed in 30 ml
of lysis buffer 20 mM N-2-hydroxyethylpiperazine-N-2-ethane sulfonic
acid (HEPES), 10 mM imidazole, 150 mM NaCl, pH 8) supplemented
with 750 mM trehalose by probe sonicationonice (3 minat30% power
in1sbursts; 1 minat 60% powerinl1sbursts; 3 minat30% powerinls
bursts and 1 min at 60% power in 1s bursts). Cell debris was pelleted
at 38,400g for 20 min at 4 °C, and the lysate was transferred to a new
tube and centrifuged at12,000g for 15 minat4 °C. The lysate was then
clarified sequentially through a 5-um and then a 1-um filter before
purification. The clarified lysate was injected into an AKTApurifier
FPLC system (GE Healthcare) and separated with two in-parallel 1-ml
HisTrap FF crude columns (GE Healthcare). The column was washed
with lysis buffer supplemented with 10 mM imidazole, then 20 mM
imidazole and then 40 mMimidazole. The protein was eluted with lysis
buffer supplemented with300 mMimidazole, and fractions containing
protein (as determined by the ultraviolet (UV) trace and SDS-PAGE)
were combined. The protein was further purified usingaHiPrep16/60
Sephacryl S-300 HR column (Cytiva Life Sciences) using lysis buffer,
and fractions containing protein (as determined by the UV trace and
SDS-PAGE) were combined.

Forrecombinant BT3254, an overnight culture of transformed cells
was inoculated into 11 of LB medium supplemented with 1% glucose
(to suppress leaky expression), 50 pg ml™ kanamycin and 34 pg ml™
chloramphenicol and grown with shaking until OD,, reached 0.8.
After the culture was cold-shocked onice for 20 min, 0.5 mMIPTG was
added and the culture was incubated for 20 h at 19 °C. The bacterial
pellet was flash-frozen in LN, and stored at —80 °C until purification.
The pellet was lysed in lysis buffer (20 mM HEPES, 10 mM imidazole,
150 mM NacCl, pH 8) supplemented with 750 mM trehalose by probe
sonicationonice (3 minat30% powerinlsbursts,1 minat60% powerin
1sbursts,3 minat30%powerinlsburstsand 1 minat 60% powerinls
bursts). Cell debris was pelleted at15,000g for 30 minat 4 °C, but over-
expressed proteinremained intheinsoluble fraction, as determined by
SDS-PAGE. To purify the unfolded protein, the pellet was solubilized
in denaturing buffer (100 mM Na,PO,, 10 mM Tris, 8 M urea, pH 8) for
1hat 25 °C with rotating and then centrifuged at 15,000g for 20 min
at 25 °C. The lysate was incubated with 1 ml of nickel-nitrilotriacetic
acid (Ni-NTA) agarose (Qiagen) for1hat 25 °Cwithrotation. Theresin
was washed three times in denaturing buffer at pH 6.3, and protein
was eluted three times in denaturing buffer at pH 5.9 and then three
times in denaturingbuffer at pH 4.5. Elution fractions were combined
and pH-adjusted to pH 7.5 before dialysis into 20 mM HEPES, 150 mM
NaCl, 2 mM reduced glutathione, 200 uM oxidized glutathione, pH 8
for 72 h, with the dialysis buffer being replaced once.

EnzymeKkinetics

For eachassay, 20 pl of lysate or recombinant enzyme were combined
with 5 pl of 50 puM fluorogenic peptide substrate (final concentra-
tion, 10 pM, 0.2% DMSO) in a 384-well plate. Fluorescence (ex/em,
380/460 nm for AMC substrates; ex/em, 355/460 nm for ACC sub-
strates) was measured every minute for 30 min at 37 °C on a Cytation
3 platereader (BioTek). Initial velocities were quantified by calculating
theslopeofthelinear phase of thereaction asrelative fluorescent units
per min. All assays were performed with three biological replicates over
multiple experiments.

To measure in vitro enzyme activity, B. thetaiotaomicron WT
and ABT4193, ABT3254, ABT4193 ABT3254, ABT4193::BT4193"" and
ABT4193::BT4193%%* strains were diluted into mBHIS and grown to late
exponential phase in three parallel cultures. Bacteria were pelleted by
centrifugationandlysed in100 mMHEPES (pH 7.5) by probe sonication
at 15% power (3 x 20 s, with 2 min on ice in between). Cell debris was
pelleted by centrifugation, and lysate concentration was normalized
to 0.25 pg pl™ with 100 mM HEPES, pH 7.5 (final concentration, 5 pg
per well). Each replicate was measured in technical triplicate, and ini-
tial velocities were averaged. To measure the activity of recombinant

hDPP4 (Sino Biological), BT4193 and BT3254, enzyme was diluted to
1.25nMin100 mM HEPES, pH 7.5 (final concentration, 1 nM).

For calculation of half maximal inhibitory concentration (ICs,)
values, recombinant enzyme was diluted to 1.25nM in 20 mM HEPES
(pH7.5) andincubated with inhibitor, diluted 1:100 from DMSO stocks,
for 30 min at 37 °C before monitoring activity. Initial velocities were
normalized to DMSO-pretreated enzyme (100%) or buffer only (0%).

Competitive gel-based ABPP

B. thetaiotaomicron WT and ABT4193, ABT3254 and ABT4193 ABT3254
knockout strains were diluted into mBHIS and grown to a late expo-
nential phase. For each sample, 4 pl of DMSO or 100x stocks of cova-
lent hDPP4 inhibitor (10 pM, 100 uM or 1 mM stocks of talabostat or
saxagliptin in DMSO) were added to 400 pl of bacterial culture and
incubated anaerobically for1 hat37 °C. To each sample, 4 pl of 500 pM
FP-alkyne (final concentration, 5 uM) were added and incubated anaer-
obically for 30 min at 37 °C. Bacterial pellets were pelleted by centrifu-
gationandlysed in PBS by probe sonicationat15% power (3 x 20 s, with
2minoniceinbetween). Celllysate was clarified by centrifugation, and
lysate concentration was normalized. TMR-azide was conjugated to
FP-modified enzymes using Cu(l)-catalyzed azide-alkyne cycloaddi-
tion (5 mMBTTAA,1mM CuSO,, 15 mM sodium ascorbate and 20 mM
azide-TMR for 30 min at 37 °C), and labeled enzymes were separated
viaSDS-PAGE. In-gel fluorescence was visualized using the Cy3 channel
on Typhoon 9410 Imager (Amersham Biosciences).

MSP-MS

Recombinant hDPP4, BT4193 and BT3254 (4 nM, 4 nM and 10 nM,
respectively) were incubated with a mixture of 228 14-mer peptides
(0.5 uM for each peptide) in 20 mM HEPES, pH 7.5 at room tempera-
ture. Thereaction was quenched with8 Mureaat15min,1hand4 hfor
hDPP4 and BT4193 and 4 h only for BT3254. A control assay consisted
of each enzyme mixed with 8 M urea before the addition of the pep-
tide library. Assays were conducted in quadruplicate. Samples were
thenacidified by the addition of 40 pl of 2% trifluoroacetic acid (TFA),
desalted using spin tips consisting of octadecyl C18 (CDS Analytical),
evaporated to dryness in a vacuum centrifuge and placed at -80 °C.
Sampleswere resuspendedin40 pl of 0.1% TFA, and 4 plof each sample
were used for LC-MS/MS.

MSP-MS assay samples were subjected to LC-MS/MS performed
on a Q-Exactive Mass Spectrometer (Thermo Fisher Scientific)
equipped with an Ultimate 3000 high-performance liquid chroma-
tography (HPLC) (Thermo Fisher Scientific). Peptides were separated
by reverse phase chromatography ona C18 column (1.7 pum bead size,
75 um x 20 cm, 65 °C) at a flow rate of 300 nl min™ using solvent A (0.1%
FA in water) and solvent B (0.1% FA in ACN). LC separation was per-
formed using a 65-min linear gradient of 5-40% solvent B followed by
a5-minlinear gradient of 40-85% solvent B and staying at 85% solvent
B for 10 min. The flow rate was increased to 400 nl min™, and solvent
B was increased to 90% for 10 min. Survey scans were recorded over
a200-2,000 m/zrange (70,000 resolutions at 200 m/z, AGC target
1x10°, 75 ms maximum). MS/MS was performed in data-dependent
acquisition mode with HCD fragmentation (30 normalized collision
energy) on the 10 most intense precursor ions (17,500 resolutions at
200 m/z, AGCtarget 5 x 10*,120 ms maximum, dynamic exclusion15 s).

MS/MS data analysis was performed using PEAKS v.8.5 (Bioin-
formatics Solutions). MS2 data were searched with the 228-member
14-mer library sequence as a database, and a decoy search was con-
ducted with peptide amino acid sequencesinreverse order. A precursor
tolerance of 20 ppm and 0.01 Da for MS2 fragments was defined. No
protease digestion was specified. Data were filtered to 1% peptide-
and protein-level false discovery rates with the target-decoy strategy.
Peptides were quantified with label-free quantification, and data were
normalized by TIC. Outliers from replicates were removed by Dixon’s
Qtest. Missing and zero values were imputed with normally distributed
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random numbers under the limit of detection, as determined by the
lowest 5% of peptide intensities. A one-way analysis of variance (ANOVA)
was performed for peptide data of the O (control), 15min,1hand 4 h
incubation conditions for hDPP4 and BT4193, and a t-test was per-
formed for 0 and 4 h incubation conditions for BT3254. Those with
P<0.05were considered for further analysis. Criteria for identification
of cleaved peptide products included those with intensity scores of
eightfold or more above the quenchedinactive enzymes (time, O min),
evaluated by log,(active/inactivated enzyme ratio) for each peptide
product with P < 0.01 by two-tailed ¢-test. Data were analyzed using
theeulerr package in R and iceLogo software®”.

Growth analyses

B. thetaiotaomicron WT, ABT4193, ABT3254, ABT4193 ABT3254,
ABT4193::BT4193"" and ABT4193::BT4193%°* strains were grown in
mBHIS until the late exponential phase and washed via centrifuga-
tion with VBG. Cultures were normalized to an OD,, of 1 and diluted
1:100in three to four wells into VBG, supplemented with vancomycin
hydrochloride (n=3), deoxycholic acid (n=3), polymyxin B (n=3),
ethanol (n=2) or sodium chloride (n =2). To test the pH-dependence
of growth, the pH of the VBG medium was adjusted using 10 N hydro-
chloric acid and sterile-filtered. Anaerobic growth was monitored by
measuring absorbance (ODy,,) every 10 min for 24 h at 37 °C using a
Cytation 3 platereader (BioTek) or every 3 min for 24 h using a Stratus
platereader (Cerillo). Quantification of the areaunder the growth curve
was analyzed using the bayestestR package inR.

Fluorescent vancomycin imaging and analysis

B. thetaiotaomicron WT, ABT4193, ABT3254, ABT4193 ABT3254,
ABT4193::BT4193"" and ABT4193::BT41935%°%* strains were diluted
into VBG and grown for 5 h into the mid-exponential phase. BODIPY
FL vancomycin was added to each culture to a final concentration of
8 pg ml™, and cultures were incubated anaerobically for 30 min at
37 °C. Bacteria were pelleted via centrifugation and diluted 2.5-fold
into 20 mM HEPES, pH 7.5. For imaging, 1 pl of bacteria was added to
a1% agarose pad and allowed to dry before a coverslip was placed on
the pad. Phase-contrast and fluorescence images were acquired with a
Ti-Einverted epifluorescence microscope (Nikon Instruments) using a
x100 (numerical aperture 1.40) oilimmersion objective and aNeo 5.5
sCMOS camera (Andor Technology) using pManager v1.4. To calculate
the fluorescence intensity of each cell, the MATLAB image process-
ing package Morphometrics®® was used to segment cell contours in
phase-contrast images. For 1,000 contours in each condition, the
mean background-subtracted fluorescence was calculated over all
pixelsinside the contour.

Propidiumiodide imaging and analysis
B. thetaiotaomicron WT, ABT4193, ABT3254, ABT4193 ABT3254,
ABT4193::BT4193"" and ABT4193::BT41935%°%* strains were diluted
into VBG and grown for 5 h into the mid-exponential phase. Cultures
were normalized to an OD,,, of 1and washed twice via centrifugation
in 0.85% NaCl in water. Bacteria were incubated in the dark in 3 uM
propidium iodide in 0.85% NaCl for 10 min at 25 °C. Bacteria were
washed twice via centrifugation in 0.85% NaCl and incubated in 2%
paraformaldehyde in water for 15 min at 25 °C. Bacteria were washed
twice via centrifugationin water and diluted 1:1,000 before mounting
(10 pl) on asslide with mounting media with DAPI.
Confocalmicroscopyimageswereacquired onaZeissLSM700 con-
focal microscope using a x63 oil-emersion objective. DAPI was excited
with the 405 nmlaser line, and propidiumiodide was excited with the
555 nmlaser line. For each of the four independent experiments, laser
power, pinhole size and gain were set at the beginning of the acquisi-
tion period and maintained throughout the session. For each image,
regions were selected based on the DAPI stain, and the focal plane was
chosen to maximize propidium iodide intensity. Confocal images

were analyzed with ImageJ v1.51g and the macro FluoQ Macro V3-97
(ref. 69). Briefly, the macro first operated abackground subtraction via
the built-in subtraction function. Next, a median filter was applied to
each image. To exclude low-value pixels, the images were then thres-
holded manually with the ImageJ built-in threshold function and the
regions of interest were segmented automatically in the Pl channel.
After segmentation, the mean fluorescence intensity in the region of
interest was calculated and used for further analysis.

Community assembly experiments and 16S rRNA gene
sequencing analysis
To generate the 15-member synthetic communities, all bacterial iso-
lates were struck on BHIblood agar plates (5% defibrinated horse blood
in1.5% (wt/vol) agar). The resulting colonies were inoculated into 1 ml
of BHI, BHIK or mGAM and were grown in a 96-deep well plate at 37 °C
for 48 h. Synthetic communities were assembled from stationary phase
cultures of isolates mixed at equal OD4,,, and 1l of the mixture was
inoculatedinto 200 pl of BHIor mGAM growth medium. Stool-derived
communities were generated by inoculating frozen stool samples from
each of eight healthy donors in either 1 ml of BHI or 1 mI mGAM, and
communities were serially diluted 1:200 for seven 48-h passages*.
These stool-derived communities were inoculated from frozen glyc-
erol stocksinto 3 mlofthe mediuminwhich they were derived (BHI or
mGAM) and serially diluted 1:200 for three 48-h passages to ensure that
composition reached a steady state before measurements.
Experiments with both the synthetic and stool-derived commu-
nities were performed in clear, flat-bottomed 96-well plates (Greiner
Bio-One) sealed with breathable AeraSeals (Excel Scientific). All rea-
gents were prereduced by incubation in an anaerobic chamber for at
least 24 h. For drug conditions, saxagliptin and sitagliptin were added
atafinal concentration of 10 pM, and 0.1% (vol/vol) DMSO was added
as vehicle control.Sealed plates were placed inaloosely closed bag to
minimize evaporation and incubated anaerobically at 37 °C without
shaking for 48 h. Plates were then resealed with foil seals and stored at
-80 °C for sequencing preparation. Amplicon sequencing data were
obtained and processed as previously described*.. Relative abundances
were determined to aminimum threshold of 1073, reflecting the typical
depth of sequencing.

Software

Graphs and statistical analyses were generated using RStudio, Graph-
Pad Prism 9 and Matlab 2020a (Mathworks). Code is available upon
request. Data are plotted as mean + s.e.m. For the comparison of WT
to knockout strains, one-way ANOVA tests were performed, with post
hoc Dunnett’s multiple comparisons tests with WT as the control where
appropriate (*P < 0.05,*P < 0.01, **P< 0.001 and ***P < 0.0001).

Reporting summary
Furtherinformation onresearch designis availablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Selection of serine hydrolase-associated Pfam domains was performed
with the MEROPS (https://www.ebi.ac.uk/merops/) and ESTHER
(https://bioweb.supagro.inrae.fr/ESTHER/general?what=index)
databases. Proteomes for bioinformatic prediction of serine hydro-
lases were downloaded from UniProt, and accession codes for each
proteome are included in Supplementary Table 2. Proteomes were
annotated with Pfam domains using pfam_scan.pl (http:/ftp.ebi.ac.uk/
pub/databases/Pfam/). Proteomes of reference isolates from the NIH
Human Microbiome Project gastrointestinal tract were downloaded
from https://www.hmpdacc.org/hmp/HMRGD/. Carbohydrate-active
enzymes were identified using the CAZyme database (http://www.
cazy.org/). Raw proteomics data for this study have been depos-
ited to the ProteomeXchange Consortium via the PRIDE partner
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repository with the dataset identifier PXD035963. Raw MSP-MS data
can be obtained through massive.ucsd.edu under the dataset identi-
fiernumbers MSV000091339 (hDPP4), MSV0O00091338 (BT4193) and
MSV000089969 (BT3254). Raw 16S rRNA data for community assembly
experiments canbe obtained at https://doi.org/10.25740/rn970zy4428.
Allother dataare available in the source data provided with this paper.

Code availability

Code for bioinformatic analyses of serine hydrolases, analysis of fit-
ness data, quantification of area under the growth curves and plot-
ting of Venn diagrams can be obtained at https://doi.org/10.5281/
zenodo.7835000. Code for analyzing community assembly experi-
ments can be obtained at https://doi.org/10.5281/zenodo.7830074.
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Extended Data Fig. 1| Bacteria from the phylum Bacteroidetes have alarger fraction of their proteome predicted to be serine hydrolases. Percentage of the
total proteome based on the number of proteins that are predicted serine hydrolases, colored by phylum. The horizontal line corresponds to the percentage of

predicted human serine hydrolases as a reference.
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Extended Data Fig. 2| hDPP4 inhibitors act on BT4193 but not BT3254. a,
Quantification of percent inhibition of GP-AMC cleavage in wild type (WT) B.
thetaiotaomicronlysate (ex/em:380/460 nm) after pretreatment with inhibitor
for30 minat37 °C. Activity was normalized to DMSO treatment (mean + SEM;
n=6independent replicates). b, Apparent ICs, values of recombinant hDPP4
and BT4193 after treatment with inhibitor for 30 min prior to measuring activity
via GP-AMC cleavage and the corresponding curves. Activity was normalized
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Extended Data Fig. 3| Recombinant BT4193 and BT3254 prefer P1Pro
residues. Quantification of cleavage velocity of di- and tripeptide fluorogenic
peptides with ACC-containing substrates (ex/em: 355/460 nm) by recombinantly
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with3independent replicates. Statistical significance was determined using
atwo-tailed one-sample t-test compared with 0 (BT4193: AP-ACC, p = 0.0026;
AA-ACC, p=0.014; AL-ACC, p = 0.10; AS-ACC, p = 0.019; AT-ACC, p = 0.20;
AHyp-ACC, p=0.0049; BT3254: AAP-ACC, p = 0.0004; AAA-ACC, p = 0.0085;
*P<0.05;*P<0.01;**P<0.001).
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Extended Data Fig. 4 | BT4193 confers resistance to deoxycholic acid and hoc Dunnett’s multiple comparisons tests compared with wild type (p = 0.0002;
polymyxinB. a, Growth of B. thetaiotaomicron strains during deoxycholic acid WT-ABT4193,p = 0.14; WT-ABT3254, p = 0.42; WT-ABT4193 ABT3254, p < 0.0001;
treatment, and quantification of area under the growth curve normalized to WT-ABT4193::BT4193"", p = 0.45; WT-ABT4193::BT4193°°*, p = 0.72;
untreated bacteria. The ABT4193 ABT3254 strain exhibited decreased fitness ***+Pp<(0.0001). b, Growth of B. thetaiotaomicron strains during polymyxin
inthe presence of deoxycholic acid (mean + SEM; 16 independent replicates). B treatment.

Statistical significance was determined using a one-way ANOVA test with post

Nature Chemical Biology


http://www.nature.com/naturechemicalbiology

Article

https://doi.org/10.1038/s41589-023-01357-8

GP-AMC AP-ACC
sekokok sAekokok AAP-ACC
*okk sokokok il
sokokk Fokokok Aok
150 150
Fokokok Aokokok
— _— — —_— — 150_
S s S S . .
2 1004 5 2 1004 fe) ®
— - —= 1004 ul
[0] [0] [0} [ | |
> X > 1 = |
= 50 = 504 = °
3 5 5 501 o
© © ©
X x N
. . 0
0 0 L T T -4 T T
) ¥ ) ¥ ) ¥
@ o8 P S0 g8 2 o S @ o8 P o
§ & A AR OSS RS
R AR R AR W W LK
) > )
WP ¥ P WD T P WP ¥ P
AR ARG AR
SN SN S
P & P & P &
v v‘b v v‘b v v‘b

Extended Data Fig. 5| Complementation with catalytically inactive

BT4193 does not rescue loss of DPP4 activity in B. thetaiotaomicronlysate.
Quantification of initial velocities of fluorogenic peptide substrate cleavage (ex/
em:380/460 nm for AMC substrates; ex/em: 355/460 nm for ACC substrates)
inlysate generated from wild type (WT), knockout, and complemented B.
thetaiotaomicron strains. Data represent the mean + SEM of 8independent
replicates for WT and ABT4193and 9 independent replicates for ABT3254,
ABT4193 ABT3254, ABT4193::BT4193"", and ABT4193::BT4193%°*, Statistical
significance was determined using a one-way ANOVA test with post hoc Dunnett’s

multiple comparisons tests compared with wild type (GP-AMC: p < 0.0001;
WT-ABT4193, p < 0.0001; WT-ABT3254, p = 0.55; WT-ABT4193 ABT3254,
p<0.0001; WT-ABT4193::BT4193"", p = 0.0004; WT-ABT4193::BT4193%0%*,

p <0.0001; AP-ACC: p < 0.0001; WT-ABT4193, p < 0.0001; WT-ABT3254,
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Extended Data Fig. 6 | ABT4193 strains are not universally susceptible to
stressors. Quantification of the area under the growth curve of

B. thetaiotaomicron strains under pH, ethanol, or sodium chloride stress,
normalized to untreated bacteria. Deletion of BT4193 did not impact fitness in
response to pH, ethanol treatment, or sodium chloride treatment (mean + SEM;
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replicates for 5% EtOH ABT3254, 5% EtOH ABT4193 ABT3254). Lack of statistical
significance was determined using a one-way ANOVA test (pH7.3, p = 1.00; pH 6,
p=0.69;pHS5, p=0.71;5% EtOH, p = 0.48;0.25 M NaCl, p = 0.11).
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Extended Data Fig. 9 | Treatment with hDPP4-targeting drugs does not
affect the fitness of bacteria from the phylum Bacteroidetes in stool-
derived communities. Quantification of the relative abundance of bacteria
from the phylum Bacteroidetes in eight stool-derived communities after

48 htreatment with 10 puM saxagliptin or 10 pM sitagliptin in BHI or mGAM
(mean = SEM; n=3independent replicates). Lack of statistical significance was

Relative abundance
(Bacteroidetes species)

Relative abundance
(Bacteroidetes species)

Relative abundance
(Bacteroidetes species)

Relative abundance
(Bacteroidetes species)

BHI
Community 1 Community 2 Community 3 Community 4
m m @
[
02 8202 = 83 02 83 02
=} S o S o
o
3% $ 8 g &
g o e 2 < o
329 322 38
T © © © e © O
0.1 © T 01 © 3 01 © 3T 01
2 20 25
&2 £5 22
28 23 g3
©
o a [22]
0.0 T T T 0.0 T T T 0.0 T T T 0.0 T T T
O & O & O & O & &
KRR KRRy KSRy RSPy
S O P S P P S P S P P
P2 2 \2 2 @ D &
» » QT S Q7 »
SIS SIS SR S o¥
Y N OF N OF N OF N
Community 5 Community 6 Community 7 Community 8
@ @ @
0.2 8 02 83 02 85 02
S o S o S o ©
33 s S g . 83
S a S o S o
© ES) © 228 228
T © © @ . © O
0.1 QT 01 2 01 232 01
ﬁ = ﬁ = ﬁ =
g3 L} L}
[25] [25] [25]
0.0 T T T 0.0 T T T 0.0 T T T 0.0 T T T
O & O & O & O &
G o & & o & & o & &
NN NN NN NN
N P S P S P N & P
&P @fo &P @fo &P @fo P @5"
» » » N
SR SR S o¥ SRS
O N O N O N OF N
mGAM
Community 1 Community 2 Community 3 Community 4
06 0.6 6 6
o m @ m
3 83 8.2 g2
€3 €3 <3
0.4 S 04 S F 04 o S F 04 ¢
28 38 28
o g [ ﬁ o g
0.2 29 02 =9 02 2902
S s 5 g S
€8 &8 €8
[24] [24] a
0.0 T T T 0.0 T T 0.0 T T T 0.0 T T T
O & & O & O & O & &
\&% '\\‘32\\ ‘\\('é\\ @6 ‘\\('é\\ \\@\ @6 ‘\\“é\\ \\&\ @c" '\\\\ '\\(‘?\\
O P AR AR ) AR )
&L \&6\ D\ & @6\ &' @ra\
SIS SIS SIS SIS
O N OF N OF N OF N
Community 5 Community 6 Community 7 Community 8
6 0.6 0.6 0.
- [0} 'g @ ;m: [0} %\
04 < 5 04 S & 04 . S & 04
03 . 03 02 .
0.2 29 02 . 29 02 2902
T o ¥ < o < o
% m H ] 3 23
a 28] a
0.0 T T T 00 T T T 0.0 T T T 00 T T T
O & O & & O & & O & &
@co ‘\\('é\\ \\@\ @6 '\\‘32\\ '\\Q\\ @q’ \\@\ '\\‘32\\ @q’ '\\Q\\ ‘\\('é\\
AR ) AR O P O O P
s 2 s Q2 2 2 2 J
\?ﬁg& §9Q\$ §%c§ 3 %0§
TN N N NN

determined using a one-way ANOVA test (BHI: Community 1, p = 0.71; Community
2,p=0.58; Community 3, p = 0.69; Community 4, p = 0.077; Community 5,
p=0.91; Community 6, p = 0.19; Community 7, p = 0.70; Community 8, p = 0.19;
mGAM: Community 1, p = 0.15; Community 2, p = 1.00; Community 3, p = 0.10;
Community 4, p = 0.25; Community 5, p = 0.33; Community 6, p = 0.20;
Community 7, p = 0.16; Community 8, p = 0.91).
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Data collection Collection of raw proteomics data was performed using an UltiMate 3000 - Orbitrap Fusion Lumos system (Thermo Scientific). Collection of in-
gel fluorescence images was performed using a Typhoon 9410 Imager (Amersham). Collection of MSP-MS raw data was performed using an
UltiMate 3000 - Q-Exactive system (Thermo Scientific). Collection of enzyme activity was performed using a Cytation 3 plate reader (BioTek).
Collection of bacterial growth curves was performed using either a Cytation 3 plate reader (BioTek), an Epoch 2 plate reader (BioTek), or a
Stratus plate reader (Cerillo). Collection of microscopy images was performed using a Ti-E inverted epifluorescence microscope (Nikon) with a
Neo 5.5 sCMOS camera (Andor Technology) or a Zeiss LSM700 confocal microscope.

Data analysis Multiple sequence alignments were performed using the web tool Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) and FigTree
v1.4.4. Predicted protein structures were performed using AlphaFold Colab (https://colab.research.google.com/github/deepmind/alphafold/
blob/main/notebooks/AlphaFold.ipynb) and aligned using UCSF Chimera v1.13.1. Protein domains were predicted using the web-based
InterPro tool (https://www.ebi.ac.uk/interpro/), and subcellular localization of the FP-reactive serine hydrolases were predicted with the web-
based tools SignalP 5.0 (https://services.healthtech.dtu.dk/service.php?SignalP-5.0), CELLOS8, and PSORTb (https://www.psort.org/psortb/
index.html). Proteomics data analyses were performed using MaxQuant v1.6.0.16 and Perseus v1.6.0.7. MSP-MS data analyses were
performed using PEAKS v8.5. Microscopy data analyses were performed using the Matlab image processing package Morphometrics or the
ImageJ macro FluoQ Macro V3-97. Sequencing samples were demultiplexed with Qiime v1.9.1 and further analyzed with custom Matlab
(Mathworks) scripts. Graphs, data processing, and statistical analyses were generated using RStudio, GraphPad Prism 9, and Matlab 2020a
(Mathworks).

Code for bioinformatic analyses of serine hydrolases, analysis of fitness data, quantification of area under the growth curves, and plotting of
Venn diagrams can be obtained at https://doi.org/10.5281/zenodo.7835000. Code for analyzing community assembly experiments can be
obtained at https://doi.org/10.5281/zenodo.7830074.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.
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- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

Selection of serine hydrolase-associated Pfam domains was performed with the MEROPS (https://www.ebi.ac.uk/merops/) and ESTHER (https://
bioweb.supagro.inrae.fr/ESTHER/general?what=index) databases. Proteomes for bioinformatic prediction of serine hydrolases were downloaded from UniProt, and
accession codes for each proteome are included in Supplementary Table 2. Proteomes were annotated with Pfam domains using pfam_scan.pl (http://ftp.ebi.ac.uk/
pub/databases/Pfam/). Proteomes of reference isolates from the NIH Human Microbiome Project gastrointestinal tract were downloaded from https://
www.hmpdacc.org/hmp/HMRGD/. Carbohydrate-active enzymes were identified using the CAZyme database (http://www.cazy.org/). Raw proteomics data for this
study have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier PXD035963. Raw MSP-MS data can be
obtained through massive.ucsd.edu under the dataset identifier numbers MSV000091339 (hDPP4), MSV000091338 (BT4193), and MSV000089969 (BT3254). Raw
16S rRNA data for community assembly experiments can be obtained at https://doi.org/10.25740/rn970zy4428. All other manuscript data are available in the
source data provided with this paper.
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Replication Each experiment was successfully replicated across at least two independent experiments.

Randomization  Randomization was not relevant to this study, as each sample was treated with the same set of conditions.

Blinding Experiments were not blinded because each experiment was performed and analyzed by a single scientist.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
|:| Antibodies |Z |:| ChiIP-seq
|:| Eukaryotic cell lines |Z |:| Flow cytometry
|:| Palaeontology and archaeology |Z |:| MRI-based neuroimaging

[] Animals and other organisms
|:| Human research participants
[] Clinical data

|:| Dual use research of concern

XXNXXNXNXX s

=
Q
=i
-
=
()
=
D
wv
D
Q
=
@)
o
=
D
o
¢}
=.
>
(e]
wv
e
)
Q
=
A




	Chemoproteomic identification of a DPP4 homolog in Bacteroides thetaiotaomicron

	Results

	Identifying serine hydrolases in gut commensal bacteria

	BT4193 is a functional homolog of hDPP4

	BT4193 is targeted by hDPP4 inhibitors

	BT4193 and BT3254 are prolyl aminopeptidases

	Loss of BT4193 causes sensitivity to cell envelope stressors

	BT4193 is important for fitness within bacterial communities


	Discussion

	Online content

	Fig. 1 Bioinformatics and activity-based protein profiling of B.
	Fig. 2 BT4193 is a functional homolog of human DPP4 (hDPP4).
	Fig. 3 Human DPP4 inhibitors target BT4193.
	Fig. 4 Substrate specificity of BT4193 and BT3254 is driven by P1 Pro.
	Fig. 5 BT4193 confers resistance to envelope stressors vancomycin and polymyxin B.
	Fig. 6 BT4193, but not hDPP4-targeting drugs, impacts B.
	Extended Data Fig. 1 Bacteria from the phylum Bacteroidetes have a larger fraction of their proteome predicted to be serine hydrolases.
	Extended Data Fig. 2 hDPP4 inhibitors act on BT4193 but not BT3254.
	Extended Data Fig. 3 Recombinant BT4193 and BT3254 prefer P1 Pro residues.
	Extended Data Fig. 4 BT4193 confers resistance to deoxycholic acid and polymyxin B.
	Extended Data Fig. 5 Complementation with catalytically inactive BT4193 does not rescue loss of DPP4 activity in B.
	Extended Data Fig. 6 ∆BT4193 strains are not universally susceptible to stressors.
	Extended Data Fig. 7 Loss of BT4193 does not affect monoculture growth in rich media.
	Extended Data Fig. 8 Overall community structure was not affected by deletion of BT4193.
	Extended Data Fig. 9 Treatment with hDPP4-targeting drugs does not affect the fitness of bacteria from the phylum Bacteroidetes in stool-derived communities.




