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Abstract: Ceramidases (CDases) are important in con-
trolling skin barrier integrity by regulating ceramide
composition and affording downstream signal molecules.
While the functions of epidermal CDases are known,
roles of neutral CDases secreted by skin-residing
microbes are undefined. Here, we developed a one-step
fluorogenic substrate, S-B, for specific detection of
bacterial CDase activity and inhibitor screening. We
identified a non-hydrolyzable substrate mimic, C6, as
the best hit. Based on C6, we designed a photoaffinity
probe, JX-1, which efficiently detects bacterial CDases.
Using JX-1, we identified endogenous low-abundance
PaCDase in a P. aeruginosa monoculture and in a mixed
skin bacteria culture. Harnessing both S-B and JX-1, we
found that CDase activity positively correlates with the
relative abundance of P. aeruginosa and is negatively
associated with wound area reduction in clinical diabetic
foot ulcer patient samples. Overall, our study demon-
strates that bacterial CDases are important regulators of
skin ceramides and potentially play a role in wound
healing.

Introduction

Ceramides are a class of sphingolipids that constitute the
majority of the lipid component in the stratum corneum
(SC) of human skin.[1] Together with cholesterol and free
fatty acid, ceramides form the extracellular lipid lamellae
which are essential for skin barrier integrity.[2] Skin ceram-
ides are heterogeneous; the majority of ceramides in the SC
are the non-hydroxy and α-hydroxylated ceramides, while
the ω-O-acylceramides are epidermis-specific and constitute
approximately 10% weight of SC ceramides.[3] Alterations
to the ceramide composition and its associated metabolites
have important consequences to the lipid lamellae structure
and can alter skin barrier permeability implicated in
dermatological diseases.[4] In atopic dermatitis (AD), a
chronic inflammatory cutaneous disease characterized by
xerotic, pruriginous skin, there is a decrease in ceramide
species such as acylceramides and N-acyl-6-OH
dihydrosphingosine.[5]

Ceramide composition in the SC is influenced by many
lipid metabolism enzymes.[1b,6] One important player in
altering SC ceramides is the hydrolase ceramidase (CDase),
which cleaves the amide bond between the sphingoid base
and fatty acid.[7] There are three classes of CDase—acid,
neutral and alkaline; this classification is dependent on the
pH optimum and catalytic mechanism of the enzyme.
Besides having a direct effect on ceramide abundance, the
metabolites generated have important roles in cellular
signaling.[8] Sphingosine and its metabolite sphingosine-1-
phosphate can modulate keratinocyte proliferation and
differentiation, and are important mediators of skin immun-
ity and host antimicrobial defense.[9] As such, the functions
of skin-associated CDases have been heavily
investigated.[9,10] However, as the skin is resided by a
community of microbes, it is important to consider the effect
of microbe-secreted CDases and their effects on modifying
the cutaneous environment.

Of all skin-associated microbes, only the secreted neutral
ceramidase produced by the pathogen Pseudomonas aerugi-
nosa has been studied. P. aeruginosa neutral ceramidase
(PaCDase) first became of interest when AD skin culture
isolates were found to have elevated CDase activity.[11]

PaCDase was subsequently purified from the P. aeruginosa
clinical isolate AN17 obtained from an AD subject[12] and
the structure of this zinc metallo-enzyme was determined
using the recombinant PaCDase.[13] PaCDase is able to
hydrolyze common ceramides and human SC-essential ω-O-
acylceramides in vitro, and the hydrolysis of these ceramides

[*] J. X. Zou, Prof. Dr. H. Li
Department of Chemistry, National University of Singapore
3 Science Drive 3, Singapore 117543 (Singapore)
E-mail: chmlihao@nus.edu.sg

W. Chua, Prof. Dr. H. Li
Molecular Engineering Lab, Institute of Molecular and Cell Biology,
Agency for Science, Technology and Research, Singapore
61 Biopolis Drive, Proteos, Singapore 138673 (Singapore)

Dr. Z. Ser, S. M. Wang, Dr. R. M. Sobota
Functional Proteomics Laboratory, Institute of Molecular and Cell
Biology, Agency for Science, Technology and Research, Singapore
61 Biopolis Drive, Proteos, Singapore 138673 (Singapore)

G. S. H. Chiang, K. Sanmugam, B. Y. Tan
St Luke’s Hospital, Singapore 659674 (Singapore)

© 2023 The Authors. Angewandte Chemie International Edition
published by Wiley-VCH GmbH. This is an open access article under
the terms of the Creative Commons Attribution Non-Commercial
NoDerivs License, which permits use and distribution in any med-
ium, provided the original work is properly cited, the use is non-
commercial and no modifications or adaptations are made.

Angewandte
ChemieResearch Articles
www.angewandte.org

How to cite: Angew. Chem. Int. Ed. 2023, 62, e202307553
doi.org/10.1002/anie.202307553

Angew. Chem. Int. Ed. 2023, 62, e202307553 (1 of 9) © 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

http://orcid.org/0000-0002-6652-4793
https://doi.org/10.1002/anie.202307553
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fanie.202307553&domain=pdf&date_stamp=2023-07-10


are promoted by glycerophospholipids derived from Staph-
ylococcus aureus, an opportunistic pathogen that is highly
abundant on AD-affected skin.[14] By functioning as surfac-
tants, these anionic lipids are likely to enhance ceramide
hydrolysis by increasing the solubility of ceramides.[14a] In a
recent study utilizing a porcine model colonized with P.
aeruginosa, higher loads of wound biofilm was observed in
the sites colonized with the wildtype bacteria compared to
the CDase knockout strain.[15] Host lipids were found to
induce PaCDase expression and this enzyme can further
process the host ceramides, leading to the disruption of skin
barrier integrity at the wound site. These studies highlight
the potential role of bacterial CDase as a virulence factor
and further investigation is required to establish whether
bacterial CDases are involved in delayed wound healing,
especially chronic wounds such as diabetic foot ulcers
(DFU) which are often colonized by opportunistic
pathogens,[16] and represent a serious complication of
diabetes.[17]

The study of bacterial ceramidases is impeded by a lack
of chemical tools to characterize the activity of neutral
ceramidase, the only class of ceramidase in prokaryotes.
Fluorescent ceramide analogs such as C12-NBD-ceramide
require further isolation and purification for bacterial CDase
activity quantification rendering it tedious.[18] Currently, the
only commercially available enzyme substrate RBM14C16,
which was developed for human CDase originally and
hydrolyzable by PaCDase, requires post-reaction addition of
periodate to oxidize the aminodiol to umbelliferone (7-
hydroxycoumarin), making real-time enzyme kinetics, high-
throughput compound screening and in situ detection of
bacterial ceramidases activity difficult.[19] Furthermore, while
several potent neutral ceramidase inhibitors have been
identified against the human neutral ceramidase
(nCDase),[20] there is a paucity of such inhibitors for
bacterial CDases. As small-molecule inhibitors are facile
tools for chemical knockdown of enzyme activity,[21] identify-
ing such compounds will aid in studying the function of
bacterial ceramidases.

In this work, we designed and synthesized one-step
fluorogenic substrates (S-A and S-B) which can detect
bacterial ceramidases activity efficiently. We used S-B to
determine the enzyme kinetics of PaCDase and two
previously uncharacterized CDase from Corynebacterium, a
component of the skin microbiome.[22] We observed that this
fluorogenic substrate has specificity for the P. aeruginosa
and Corynebacterium jeikeium ceramidases over the human
nCDase. With this optimized substrate, we screened a small
library of 63 compounds comprising of the zinc-chelating
hydroxamates and substrate mimics of ceramidases. We
identified C6-urea-ceramide (C6), a non-hydrolyzable sub-
strate mimic, as a potent inhibitor of PaCDase. To convert
C6 to a chemoenzymatic probe for bacterial CDase profil-
ing, we installed the photoactivatable diazirine motif and
alkyne click-reaction handle at various positions and identi-
fied an optimized probe JX-1. Using this chemical toolbox,
we were able to identify PaCDase in a complex protein
mixture and mixed microbial community. Importantly, we
were able to detect and quantify CDase from bacteria

cultures of diabetic foot ulcer samples. We observed a clear
correlation of the CDase activity to P. aeruginosa relative
abundance and wound area reduction, which suggests P.
aeruginosa CDase’s role as a virulence factor in DFU wound
infections.

Results and Discussion

CDase fluorogenic substrate S-B enables real-time detection of
bacterial CDase activity

To enable convenient, real-time determination of CDase
enzyme kinetics, we first designed and synthesized two one-
step Fluorescence Resonance Energy Transfer (FRET)
CDase substrates. The backbones of both substrates were
designed based on the commercial substrate RBM14C16
which has a shortened sphinganine-like chain with a long
fatty acid chain (>10 C) important for enzyme
affinity.[18–19,23] (Figure 1A, S1A, Scheme S1). Given that
both N-acyl-sphinganine and N-acyl-sphingosine can be
hydrolyzed by PaCDase,[12] we chose to modify the sphingo-
sine chain instead of sphinganine (hydrogenated sphingo-
sine) due to the easy installation of fluorophores through
olefin metathesis.[24] As the different fluorophore/quencher
pairs may affect binding affinity, we adopted two relatively
small size fluorophore/quencher pairs: 7-Methoxycoumarin-
4-yl)acetyl (MCA)/2,4-dinitrophenyl (DNP) pair contained
in S-A[25] and 7-methoxycoumarin-3-carboxylate (MCC)/
nitrobenzoxadiazole (NBD) in S-B.[26] We observed hydrol-
ysis of both substrates in 30 min (S-A) and 20 mins (S-B) by
recombinant P. aeruginosa ceramidase (rPaCDase, ex-
pressed with solubility tag NT11) (Figure 1B and S1C), with
S-B being the optimal substrate with a Vmax of 750.1 pmol/
min (Figure 1D).

To compare the enzymatic activity of skin-associated
bacterial neutral ceramidases with human nCDase, we
recombinantly expressed the putative nCDases from two
common skin commensals Corynebacterium amycolatum
(rCaCDase) and Corynebacterium jeikeium (rCjCDase), in
addition to rPaCDase. All recombinant proteins were ex-
pressed with the NT11 (sequence: VSEPHDYNYEK)
solubility tag as this increases solubility and protein yield of
the recombinant enzyme (Figure 1C).[27] We then deter-
mined the optimal pH for rPaCDase, rCaCDase and
rCjCDase (Figure S1B, approximately 6.8, 9.5, 7.5 respec-
tively) and used this optimized assay condition to determine
the enzyme kinetics of these 3 CDases with S-B (Figure 1D,
1E, and S1E). We observed that rCjCDase strongly hydro-
lyzed S-B with a Vmax of 172.2 pmol/min (Figure 1E). In
contrast, the putative CDase from C. amycolatum has weak
activity towards the substrate (Vmax of 4.473 pmol/min,
Figure S1E) and this was also observed for S-A (Figure S1C)
and the commercial substrate RBM14C16. Interestingly,
while RBM14C16 was hydrolyzed by rPaCDase and
rCjCDase at a rate comparable to the human recombinant
nCDase,[19] S-B was preferentially hydrolyzed by both
bacterial CDases. The Vmax for S-B hydrolysis was 40-fold
and 9-fold higher for rPaCDase and rCjCDase respectively
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when compared to the human nCDase (Vmax of 19.00 pmol/
min, Figure S1F). The preferential hydrolysis of S-B by
rPaCDase indicates that important differences exist in the
substrate binding pocket of the bacterial and human neutral
ceramidase.

Screening and design of bacterial CDase inhibitors

As our developed substrate S-B affords easy access to high
throughput chemical screen using enzyme assay, we set out
to identify bacterial CDases inhibitors, of which only a
handful of weak inhibitors such as ceramidastin (IC50 value

of 12 μM)[28a] and citric acid (IC50 value of 102 μM)[28b] have
been identified. We focused on a small library of 63 com-
pounds comprising of hydroxamates which inhibit Zn-
dependent metalloenzymes due to its ability to chelate the
zinc critical for enzyme activity,[29] substrate mimics and
previously reported human CDase inhibitors (Figure 2,
Table S1).[20,30–31] We first screened these compounds at
200 μM against rPaCDase and identified 4 compounds with
more than 80% inhibition (Figure 2A and 2B). We then
determined the dose-response curves of these top 4 com-
pounds. Of these, the most potent compound is the substrate
mimic C6-urea-ceramide (C6) with an IC50 of 4.12 μM,
followed by another substrate mimic sphingosine (IC50 of
9.86 μM) and the hydroxamate MC1568 (IC50 of 37.99 μM)
(Figure 2C and D). Some well-studied human nCDase
inhibitors such as DP-24a, B13 and KPB-77[30–31] bear little
or no inhibitory effects on rPaCDase activity at 200 μM
(Table S1). Our inhibitor screening further demonstrates
that PaCDase may prefer distinct inhibitor scaffolds due to
the differences in the enzyme’s substrate binding pocket as
reported in previous studies.[13,32]

Design, synthesis and activity evaluation of CDase affinity-
based photoreactive probes (AfBPs)

With C6 identified as a potent inhibitor of rPaCDase, we
further modified this compound to generate a clickable
chemoenzymatic probe for CDase profiling. Activity-based
probes for acid ceramidase have been previously

Figure 1. Design, synthesis and characterization of CDase substrates in
three microbial CDases and human neutral CDase. A) Structure of
substrate S-B. B) Progress curve of S-B hydrolysis for three bacterial
CDases and recombinant human neutral CDase in 60 min. Plotted
values were shown as median fluorescence intensity of three replicates.
200 ng enzymes were used. C) SDS-PAGE showing the purification of
three recombinant neutral ceramidases from Pseudomonas aeruginosa,
Corynebacterium amycolatum, and Corynebacterium jeikeium respec-
tively. rPaCDase, rCjCDase and rCaCDase were expressed with 6xHis
tag as well as NT11 fusion tag (sequence=VSEPHDYNYEK). CL: cell
lysate of CDase-expressing E. coli; AP: pooled fractions after affinity
purification; FPLC: pooled fractions after FPLC. The left panel shows
recombinant PaCDase without (w/o) or with NT11 fusion tag. The right
panel shows rCjCDase and rCaCDase. D) and E) Michaelis–Menten
plot of rPaCDase and rCjCDase respectively, determined by using S-B
as a substrate. Plotted values are shown as mean with standard
deviation, n=2 technical replicates. Michaelis–Menten constant (Km)
and maximal velocity (Vmax) of S-B hydrolysis for each enzyme are
shown.

Figure 2. Screen and design of CDase inhibitors. A) Flow chart of
compound library screening. B) rPaCDase activity in the presence of
each inhibitor in the library. Compounds were screened at 200 μM.
Plotted values were shown as mean without error bar (n�2). C)
Structures of top 3 inhibitors of rPaCDase. D) Dose-response curves of
top 3 inhibitors of rPaCDase using S-B as a substrate. Plotted values
shown as mean with standard deviation (n=3).
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developed[33] as this class of CDase has an active site cysteine
as a nucleophile for covalent attachment of the probe’s
electrophilic warhead.[34] However, neutral ceramidases are
Zn-dependent metalloenzymes where a molecule of water
serves as the nucleophile in hydrolysis.[13,32] Therefore we
adopted an affinity-based approach by modifying C6 at
various positions with the photoreactive diazirine and an
alkyne handle for further Click-reaction modifications. 5
AfBPs (JX-1–5, Figure 3A) were designed with the diazirine
and alkyne installed at different positions of two alkyl chains
(sphingosine-chain and amino-chain) as positions of the
photoreactive group can affect labeling efficiency and
specificity.[35] JX-1 and -2 were designed to have the photo-
reactive diazirines in the middle or terminal end of their
amino chain, whereas the photoreactive diazirines were
installed at the sphingosine-chain for JX-3 and 5. JX-4
possesses an extra diazirine group compared to JX-3 and
was designed to determine whether more diazirine groups
would enhance labeling efficiency. The probes were synthe-
sized according to the synthetic routes shown in Scheme S2.

We first evaluated their binding affinities by determining the
IC50 against rPaCDase activity (Figure 3B). We observed
that JX-1 and 3 exhibit good inhibitory activity, with IC50

values at 4.1 μM and 5.4 μM respectively, similar to the
parent inhibitor C6 (4.1 μM). Compared to JX-3, JX-4
which contains one additional diazirine group shows more
than 2-fold increase in its IC50 value. JX-5 showed the
weakest inhibition with IC50 of 88.2 μM, likely due to the
long sphingosine chain or ester group interfering with active
site binding.

Probe JX-1 shows high CDase labeling efficiency and selectivity
in complex protein mixture

We then assessed the ability of the most potent probe JX-1
to label bacterial CDases. We first optimized the conditions
for JX-1 labeling in purified rPaCDase. After incubation of
the probe with recombinant CDase followed by UV
irradiation, we added TAMRA-azide along with the neces-

Figure 3. Design and application of AfBPs for bacterial CDase characterization. A). Structures of 5 AfBPs. B) IC50 curve of 5 AfBPs as assessed by
inhibition of rPaCDase. Concentrations shown in the legend are corresponding IC50 values. Plotted values shown as mean with standard deviation
(n=3). C) Labeling of rPaCDase (0.5 or 1 μM) using varying concentrations of JX-1.a: no UV irradiation at 365 nm. D) Inhibitor competition assay
with varying concentrations of C6-urea-ceramide (C6). Experiment was performed using 0.5 μM purified rPaCDase, 5 μM probe, 20 min UV
irradiation at 365 nm. E) JX-1 labeling of three bacterial recombinant CDases with 0.5 μM purified CDase, 5 μM probe, 20 min UV irradiation at
365 nm. C6 is used at 200 μM. F) Comparison of labeling efficiency of 5 AfBPs in purified rPaCDase with or without C6 inhibitor competition. All
labeling profiles were assessed by SDS-PAGE and in gel fluorescence analysis. Protein band intensities were quantified using ImageJ (right panel).
FL= in-gel fluorescence, CBB=Coomassie brilliant blue.
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sary Click reaction reagents. The labeled proteins were then
resolved by sodium dodecyl-sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) with probe labeling visualized
by fluorescence scan at Ex/Em 532/580. In purified CDase,
we observed that labeling occurs when the concentration of
JX-1 was as low as 1 μM and a short UV irradiation is
sufficient for labeling (Figure 3C and S2A). To determine
whether the labeling is specific, we pretreated the enzyme
with the parent inhibitor C6 followed by probe labeling. We
observed 500 μM of C6 is able to completely abrogate
labeling of rPaCDase by JX-1 (Figure 3D). Furthermore,
JX-1 can label both rCjCDase and rCaCDase, and this
labeling can be competed off with 200 μM of C6 (Figure 3E).
However, we observed only weak labeling of rCaCDase and
this corresponds to our previous observation that this
putative ceramidase has low enzymatic activity towards the
synthetic substrates (Figure 1B and S1).

With the optimized probe labeling conditions, we
compared the labeling efficiency of the 5 probes towards
purified rPaCDase. To this end, rPaCDase was incubated
with 5 μM AfBPs in the presence or absence of UV and
competitor (Figure 3F). Similar to the inhibition assay, we
observed that JX-1 demonstrates the strongest labeling
intensity among these probes. To determine the selectivity
of probe labeling, we performed the same labeling experi-
ment using cell lysates derived from E. coli overexpressing
rPaCDase or rCjCDase. We observed that JX-1 shows the
best selectivity for labeling of CDase in this complex protein

mixture (Figure S3). Overall, JX-1 demonstrates the highest
probe labeling efficiency and enzyme selectivity among our
small panel of CDase probes. However, JX-1 is not selective
for bacterial CDase as it is capable of labeling human
neutral CDase (Figure S2B).

Chemoenzymatic probe JX-1 labels low-abundance endogenous
PaCDase in P. aeruginosa secretome

We next investigated whether our optimized chemoenzy-
matic probe JX-1 can be used to detect native secreted
bacterial CDase. As PaCDase is not constitutively expressed
in P. aeruginosa, we first determined the conditions for
optimal CDase production in culture. We observed the
presence of native PaCDase in each cell fraction of P.
aeruginosa PAO1 grown in BHI medium supplemented with
or without sphingosine. Consistent with previous studies
showing the effect of sphingosine in inducing CDase
expression in P. aeruginosa,[36] we detected a clear increase
in CDase activity in the extracellular fraction in the presence
of sphingosine (Figure 4A). This corresponds to a decrease
in the CDase detected in the intracellular fraction, indicating
that sphingosine stimulates production and secretion of the
intracellular CDase. Next, we incubated supernatants of P.
aeruginosa PAO1 culture in BHI medium with or without
sphingosine with JX-1, followed by in situ Click reaction
with TAMRA-azide. As shown in Figure 4B, a protein band

Figure 4. Application of AfBP and substrate to complex protein mixture. A) CDase activity of P. aeruginosa PAO1 cell fractions. Plotted values
shown as mean with standard deviation (n=4). 200 μM sphingosine were supplemented in culture medium BHI where indicated. B) JX-1-TAMRA
labeling of culture supernatant of P. aeruginosa PAO1 supplemented with or without 200 μM sphingosine. 200 μL culture supernatant, 50 μM JX-1,
and 0.5 mM C6 used. Asterisk*: purified rPaCDase spiked (73.2 kDa). Arrow indicates expected size of PaCDase. C) CDase activity of culture
supernatant of P. aeruginosa PAO1 supplemented with sphingosine from 0–36 h. D) JX-1-TAMRA labeling (right panel) and the corresponding
CDase activity (left panel) of P. aeruginosa PAO1 culture supernatant at 6–8 h of growth. 200 μL culture supernatant, 50 μM JX-1, and 0.5 mM C6
used. Plotted values shown as mean with standard deviation.
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with molecular weight around 71 kDa is detected after in-gel
fluorescence scan and this labeling is competed away by
addition of the inhibitor C6. In culture supernatants of P.
aeruginosa PAO1 culture without sphingosine induction, we
did not detect CDase activity and this protein band (Fig-
ure 4B). We then obtained the culture supernatant at
various time points of P. aeruginosa PAO1 planktonic
culture and determined the presence of native CDase using
the substrate S-B and probe JX-1. From the enzyme activity
assay, we observed that CDase activity is detected after 6 h
of culture, peaks around 8 h and decreases thereafter (Fig-
ure 4C and 4D). Consistent with the activity assay, the
protein band around 71 kDa is only detected when there is
considerable CDase activity (Figure 4D, S4). We further
performed avidin-biotin pull-down assay using JX-1 clicked
with azide-biotin and verified that both recombinant and
endogenous PaCDase in complex mixture were successfully
labeled (Figure S5). Finally, to confirm the identity of this
protein, we performed in-gel digestion of this 71 kDa gel
band followed by mass spectrometry proteomics and
determined that PaCDase was indeed present in this protein
band (Table S2). Overall, both the optimized substrate and
probe are facile chemical tools to detect and quantify the
low abundant native CDase in a complex protein mixture.

CDase activity in complex microbial community and wound
cultures

We next wanted to assess whether the probe can detect
CDase present in a complex microbial community. To this
end, we cultured a synthetic community of skin-associated
bacteria comprising of P. aeruginosa ATCC 15692, Staph-
ylococcus aureus ATCC 25904, Staphylococcus epidermidis
ATCC 14990, Enterococcus faecalis ATCC 47077 and
Corynebacterium striatum ATCC 6940 in the presence or
absence of sphingosine. After 8 hours of culture, we
obtained the extracellular media from this mixed culture
and incubated it with JX-1. Of these strains, only P.
aeruginosa contains the gene for CDase expression. We
observed that PaCDase in the mixed microbial culture
supernatant was successfully labeled by JX-1 when sphingo-
sine was supplemented, and the labeling is abrogated in the
presence of C6 inhibitor (Figure 5A).

After determining that our optimized probe and sub-
strate can be used to detect and quantify bacterial CDase
activity in a mixed microbial background, we sought to use
these tools to assess bacteria-associated CDase activity in
wound culture samples obtained from DFU patients. We
recruited 29 patients with DFU and obtained wound swabs
from them weekly over a 4-week period. Wound character-
istics including wound area were recorded at each sampling.
We then cultured the swabs obtained at week 1 in BHI
media in the presence of sphingosine and assessed for

Figure 5. Application of bacterial CDase AfBP and substrate to detect CDase in complex microbial community. A) JX-1-TAMRA labeling of known
mixed microbial culture supernatant supplemented with or without 200 μM sphingosine. 200 μL culture supernatant, 50 μM JX-1, and 0.5 mM C6
used. The mixed microbial community consists of P. aeruginosa ATCC 15692, S. aureus ATCC 25904, S. epidermidis ATCC 14990, E. faecalis ATCC
47077, C. striatum ATCC 6940. Asterisk*: purified rPaCDase spike-in (73.2 kDa). B) CDase enzyme activity in DFU clinical culture samples. Plotted
values shown as mean with standard deviation (n=3). C) Correlation of CDase activity with wound area reduction from week 1 to week 4. D)
Correlation of CDase activity to Pseudomonas aeruginosa abundance. For both C and D, n=6 patient samples and Pearson correlation coefficient (r)
and p-value were determined by GraphPad Prism 8. E) JX-1-TAMRA labeling of DFU samples with positive CDase activity. 200 μL culture
supernatant, 50 μM JX-1, and 0.5 mM C6 used.
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CDase activity using substrate S-B and probe JX-1. We
detected strong CDase activity in 4 samples (SLH-2, 7, 56,
62), while 2 samples had weak but detectable activities
(SLH-3 and 48) (Figure 5B). Next, we correlated bacterial
CDases activity with wound area for the 6 samples with
detectable CDase activity (SLH-2, 3, 7, 25, 56, 62; SLH-48
not recorded at week 4) (Figure C, S5A). We observed that
bacterial CDase activity at week 1 is negatively correlated
with wound area reduction from week 1 to week 4 (Fig-
ure 5C, r= � 0.8515, p=0.0314). This enzyme activity also
has a positive (r=0.6985, p=0.1226), though not statistically
significant correlation with wound area at week 4 (Fig-
ure S6A). These results suggest that bacterial CDases can
potentially impact wound healing.

To decipher which bacteria species are responsible for
secreting the CDase, we extracted the DNA from the wound
swab cultures that possess CDase activity and sequenced the
bacteria community using full length 16S PacBio sequencing.
We observed that Pseudomonas aeruginosa is the only
common bacteria species existing in all 6 samples (Fig-
ure S6B). Using Pearson correlation, we determined that P.
aeruginosa abundance is positively (r=0.8432, p=0.0350)
correlated with CDase activity (Figure 5D), suggesting that
the CDase activity is from P. aeruginosa. To further validate
this, 4 DFU culture samples (SLH-2, 7, 56, 62) were
subjected to JX-1-TAMRA labeling. We observed the
presence of a protein band around 71 kDa in the gel, similar
in molecular weight to the CDase previously observed in P.
aeruginosa PAO1 induction and protein labeling was
reduced in the presence of the C6 inhibitor. (Figure 5E). We
performed in-gel digestion followed by LC–MS proteomics
analysis and validated the presence of P. aeruginosa CDase
across those 4 DFU samples (Table S2). Taken together,
these results suggest the potential roles of skin-residing
microbial CDase as a virulence factor in diabetic wound
infections. While further studies are required to demonstrate
P. aeruginosa CDase potentially interfering with wound
healing in DFU, we postulate that this extracellular bacterial
CDase can dramatically change the wound environment
through degradation of ceramide, the key barrier lipid. The
resulting sphingosine and downstream metabolite sphingo-
sine-1-phosphate could have extensive effects on keratino-
cyte proliferation and migration, affecting wound closure.[9]

Conclusion

Bacterial CDases, especially those produced by microbes
that are part of the human microbiome, can have profound
effects on shaping the host environment. However, studies
on their functional roles and impact on the host is impeded
by the lack of chemical tools. In our study, we designed and
synthesized one-step bacterial CDase substrates for fast
CDase detection and inhibitor screening, and, to our knowl-
edge, the first affinity-based probes for CDase. The
optimized chemoenzymatic probe JX-1 is capable of
bacterial CDase labeling, identification and quantification in
complex microbial communities. Finally, using both the
substrate and probe, we observed a clear association

between bacterial CDase activity, P. aeruginosa abundance
and wound area reduction. Our study thus highlights the
importance of considering the role of bacterial CDases
produced by microbes residing on human skin and how
these enzymes can modify the environment they reside in.
We envision that JX-1 combined with affinity enrichment or
fluorescent labeling can be useful in identifying ceramidases
produced by different bacteria for further functional
elucidation of these enzymes. In addition, the use of
inhibitors that selectively target bacterial CDases has the
potential to serve as a therapeutic approach in combination
with antibiotics, promoting the healing process of infected
wounds.
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