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Development of profiling strategies to provide high resolution
understanding of enzymes involved in bacterial infections remains
an important need. These strategies help resolve enzyme mechan-
isms of actions and can guide therapeutic development. We have
developed a selective new activity-based probe (ABP) targeting a
highly conserved surface bound enzyme, C5a peptidase, present in
several pathogenic Streptococci. We demonstrate our probe inhi-
bits C5a peptidase activity and enables detection of C5a peptidase
expressing pathogens in microbial mixtures. Our profiling strategy
selectively labels the pathogen by phenotype and enables specific
isolation of the live bacteria providing a route for further in-depth
investigation. This study paves the way towards a rapid detection,
isolation, and characterization pipeline for existing and emerging
strains of most common pathogenic Streptococci.

Several enzymes play critical roles as virulence factors in
enabling bacterial pathogens to successfully colonize host
cells." An understanding of the biochemical functions and
the environmental conditions that yield expression of virulence
factors will enable improved mechanistic understanding of
infectivity and mitigation strategies.” Enhanced understanding
also provides an impetus for development of modern tools for
detection, isolation, and characterization of related pathogens
and disease prevention and remediation strategies.

The pathogenic members of Group A, B, C and G
streptococci®™ are responsible for several ailments in humans
and animals.® For example, S. pyogenes (Group A streptococcus)
alone causes pharyngitis, necrotizing fasciitis, and toxic shock
syndrome and is associated with an estimated half million
deaths annually. Recently, two new strains of S. pyogenes (type
emm43.4) with increased level of resistance to ampicillin,
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cefotaxime and amoxicillin were discovered.” Group B strep
(GBS) are a common cause of severe infection in newborns,®
and S. dysgalactiae, S. agalactiae and S. suis cause both human
and animal infections. Almost all known pathogenic Strepto-
cocci, except for S. pneumoniae, express a highly virulent
enzyme, C5a peptidase. C5a peptidase is a highly conserved
surface bound serine protease,” which plays a key role in
human immune system evasion by cleaving and thus inactivat-
ing the human complement (C3) and complement-derived
chemotactic factors (C5a and C3b).'>™ It also acts as an
adhesion factor during invasion of the host by binding integrin,
fibronectin, and epithelial cells.* Owing to the important roles
C5a peptidase plays in pathogenicity, particularly its survival in
the host, it has been targeted for vaccine development without
success despite decades of research.'” Furthermore, there have
been no reports of small molecule inhibitors for C5a peptidase,
which may provide a route toward future antibiotic alternatives.
Activity-based probes (ABPs) are uniquely suited for patho-
gen detection through selective labeling of virulence enzymes
in intact cells. ABPs are designed to selectively capture target
enzymes while enabling visualization via a reporter moiety.'?
When the target enzyme is cytosolic or surface-bound, this
imparts distinct optical properties to the associated cell as well.
Upon activation, ABPs covalently bind to the target, enabling
direct analysis of the enzyme and intact cells by analyses such
as fluorescence microscopy, flow cytometry and fluorescent
activated cell sorting (FACS) in whole cells and SDS-page and
LC-MS based proteomics after lysis. FACS coupled with ABPs is
an excellent tool for identification and enrichment of the
organism expressing the active target enzyme on a single cell
level."* Previously, ABPs were coupled with FACS for detection
and isolation of sub-populations of fixed microbial cells from
gut microbiome samples.'® Thus, by choosing a unique enzyme
activity specific to pathogenic bacteria, the approach can be
extended for rapid labeling, detection, and isolation of the
living pathogen associated with the virulence factor.
Identification of pathogens is a preliminary step in a series
of steps to determine disease-causing sources before imposing
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preventive measures."® Although typical microbiological tech-
niques allow identification and isolation of bacteria, it is
tedious and challenging for various reasons:'” high abundance
of microbes in nourishing environments, co-occurrence of
target pathogen in complex microbial communities, complexity
of native medium (e.g. bodily fluids), low abundance of target
pathogen, lack of viability, and lack of expression of pathogenic
traits during cultivation in the common broths and medias."®
Furthermore, the expression of virulence-associated enzymes
generally occurs alongside the expression of other virulence-
associated traits to successfully adapt and survive in the
immediate environment (e.g. in host)."® Thus, targeting viru-
lence associated enzymes has a broad scope for detection and
isolation of bacteria and to study other changes associated with
the expression of targeted virulence enzymes. Therefore, rapid
methods and technologies for detection and isolation of live
pathogens are highly desired to identify pathogen sources,
enable faster clinical diagnosis, and for further investigation
of new strains and their pathogenicity.*

To design an ABP selective for C5a peptidase, we proposed
synthesis of a histidine analog of phenyl phosphonate ester
because C5a peptidase is known to cleave the human C5a, a 74
amino acid peptide, at the C-terminal of His-67.° The histidine
side chain is anticipated to impart high selectivity because
there are few serine proteases with primary specificity for
histidine,”* the phenyl phosphonate ester group is known to
react with serine proteases to form stable covalently bound
adducts after liberation of phenoxide,>” and the amino group
can be coupled with desired reporter moieties such as fluor-
ophores or a biorthogonal reactive group (azide or alkyne).>*
Though several amino acid analogs of phenyl phosphonate
esters have been reported,”® a phosphonate ester analog of
histidine has not been synthesized, to the best of our knowl-
edge. Typically, the phenyl phosphonate esters of amino acid
analogs have been synthesized from an aldehyde precursor in
the presence of benzyl carbamate/acetic acid and subsequent
hydrolysis of the carbamate. The commercial inaccessibility of
the aldehyde precursor led us to start the synthesis from a
nitrile. While organic nitriles have been used to synthesize
amino ethyl phosphonic esters using ethyl phosphite with
in situ formed aldimines after DIBAL-H reduction,”” synthesis
of aryl phosphonate esters from organic nitriles is not known.
This is likely because of the poor hydrolytic stability and
presence of residual phenols of aryl phosphites synthesis.
However, we decided to pursue this route as it offers the ease
of a one-pot reaction if successful (Scheme 1). The commer-
cially available nitrile 1 was readily trityl protected (2),%® then
reduced in the presence of DIBAL-H in diethyl ether at —20 °C
resulting in 5% yield of 3 and recovery of starting material. We
assumed this to be a consequence of poor solubility of 2 in
diethyl ether. However, our attempts to improve the yield by
switching the solvents to THF and dimethoxy ethane failed. 2
readily dissolved in dichloromethane; however, the reduction
carried out at —20 and —40 °C resulted in over-reduction of 2 to
the amine. Therefore, the reduction and addition of diphenyl
phosphite was carried out at —78 °C resulting in an improved
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yield of 3 (26%). Then, 3 was coupled with 5-hexynoic acid to
obtain 4, which was deprotected in the presence of 0.02N HCl
in HFIP providing C5a-Al in 88% yield. Finally, C5a-Al was
coupled with the fluorophore 5 via copper catalyzed click
chemistry to get the desired fluorescent probe, C5a-FI.
Characterizing C5a peptidase activity has been challenging
because of the difficulty in analyzing the native substrate
(C5a),”® time-consuming purification from over-expression sys-
tems and extraction of membrane bound C5a peptidase from
target Gram positive species (see $1, ESIt).*° Thus, a simple and
efficient assay to characterize this activity in whole cells is
highly desired. Previously, Cleary and Stafslien developed a
gel-based assay using a glutathione-S-transferase (GST)-C5a-
green fluorescent protein (GFP) fusion as a substrate to study
purified C5a peptidase activity.>® Because of the lack of com-
mercially available GST-C5a-GFP, we envisioned a gel-based
assay (Fig. 1) using commercially available human C5a tagged
with a fusion protein (C5a-Fc; 34.6 kDa) and SyproRuby protein
gel stain. Because C5a peptidase is a surface protein, it also
provides a route to directly study C5a peptidase activity in
whole cells. To test whole-cell detection of C5a peptidase with
our probe, we developed an inducible C5a peptidase expression
system in E. coli RE1000>" following Anderson et al.*® C5a-Fc
(>150 ng; 39 kDa, see S2, ESIt) was incubated with the
expression system (RE1000/pBAD-scpA), and the proteins within
the supernatant were separated by SDS-PAGE and visualized
with Sypro Ruby (Fig. 1). A new band, identified in supernatant
of RE1000/pBAD-scpA around 30 kDa (also see S3, ESIt for other
controls), was analyzed by LC-MS after in-gel trypsin diges-
tion;*” this band was composed of 68% of the peptides from the
Fc fragment. The new band formation was also observed with
S. pyogenes and S. agalactiae (see S4, ESIY) in similar
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Fig. 1 scpA-E. coli activity on C5a-Fc and SDS-PAGE analysis.
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experiments, confirming C5a peptidase activity in each of these
species.

We envisioned the above gel-based assay could be used to
show C5a-Fl is targeting C5a peptidase activity. If C5a-F1
inhibits activity, we expect to observe an attenuation of the
production of the Fc fragment at 30 kDa. To illustrate inhibi-
tion on a gel, first, RE1000 pBAD-scpA was incubated with
C5a-Fl at various concentrations, then C5a-Fc was introduced,
and the supernatant was analyzed by SDS-PAGE. We observed a
decrease in the intensity of the Fc fragment (Fig. 2, see S5, ESIT
for related controls) as the probe concentration increased,
clearly demonstrating that C5a peptidase activity was inhibited
by C5a-Fl. Similar trends were also observed in the presence of
C5a-Al (see S6, ESIY).

Having established C5a peptidase activity and its inhibition
by C5a-Fl in C5a peptidase expressing E. coli, we experimented
with probe labeling in RE1000/pBAD-scpA with varied Cb5a
peptidase expression. For this, we took advantage of the tun-
able Pg,p arabinose-inducible promoter system, where an
optimum level of expression is achieved when cultured in the
presence of arabinose (induced) and the expression is inhibited
in the presence of glucose, though a marginal background level
of enzyme is still expressed.*® RE1000/pBAD-scpA and relevant
controls cultures were incubated with C5a-Fl (125 pM) and
characterized by flow cytometry (Fig. 3; see S7, ESIt for histo-
grams). The increase in fluorescence was determined for each
sample by normalizing against the fluorescence of the DMSO-
only control cultures. As expected, the RE1000 cells lacking
pPBAD-scpA  expression showed limited labeling (minimal
increase in FITC fluorescence), and only the RE1000/pBAD-scpA
cultures induced with arabinose showed significant (p <
0.0001) labeling by C5a-Fl. The observed labeling agrees with
anticipated C5a-Fl selectivity for C5a peptidase.

Confident that C5a-F1 selectively labels the ScpA-
overexpressing model of C5a peptidase active microbes, we
next examined if the probe would label wild type microbes with
C5a peptidase activity. To test this, S. pyogenes and S. agalactiae
were incubated with C5a-Fl at various concentrations and
compared to labeling of S. pneumoniae and E. coli Nissle 1917
as negative controls not containing C5a peptidase. The samples
were analyzed by flow cytometry and the fluorescence increase
of the samples was determined by normalizing against the

(a)

(b) csa-Fl
@M O 250 125 62 31 15

31kDa s

Fig.2 (a) Cartoon depicting C5a-Fl binding to Cb5a peptidase.§
(b) SyproRuby stained SDS-PAGE gel showing change in the intensity of
Fc fragment from Cb5a-Fc cleaved by Cb5a peptidase activity in the
presence of C5a-Fl.
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Fig. 3 Fluorescence increase resulting from selective labeling of REFL000/
pBAD-scpA induced by arabinose in the presence of C5a-Fl (125 pM).
**x* denotes p < 0.0001.

fluorescence of the DMSO-only control cultures (Fig. 4; see S8,
ESIt for histograms). A statistically significant increase in
fluorescence was observed for both S. pyogenes and S. agalactiae
at 125 pM compared to both E. coli and S. pneumoniae con-
firming that C5a-Fl is selective for C5a peptidase-producing
wild-type microbes. The amount of probe used may be further
reduced when using enantiomerically pure probe mimicking
the L-Histidine. Subsequently, viability of the target bacteria
were tested after probe incubation and found no significant
change from the no probe controls (see S9, ESIt), confirming
the possibility of isolation of live bacteria after C5a-FI labeling.

We next sought to evaluate whether that selectivity would
persist when target and nontarget organisms were labeled
within the same sample. To perform this, we mixed a suspen-
sion of RFP-E. coli (mKate2, details in ESI{) with target
microbes (2:1 ratio; Fig. 5a and labeled with C5a-Fl. Analysis
of the mixture by both FITC and RFP fluorescence enables
discrimination of which species is labeled by C5a-Fl by flow
cytometry. Gates were drawn based on unlabeled controls (see
S10, ESIt). RFP fluorescence was used to discriminate the two
species and FITC fluorescence was used to differentiate probe
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Fig. 4 Dose dependent labeling of E. coli Nissle, S. pneumoniae,
S. pyogenes and S. agalactiae. *** denotes p <0.001 and **** denotes
p < 0.0001.
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labeled from unlabeled cells. Following incubation with C5a-Fl,
we observed a significant increase in FITC fluorescence for each
of the Streptococcus populations, while the E. coli remained
unlabeled (Fig. 5a—c). This confirmed the probe’s selectivity for
Streptoccoci species even within the presence of another
microbe, and that activation of the probe by C5a peptidase
does not result in off-target labeling.

In summary, we have developed a selective activity-based
probe targeting a virulence enzyme (C5a peptidase) of common
pathogenic Streptococci. species, including S. pyogenes and
S. agalactiae. Employing C5a-Fl, we have shown inhibition of C5a
peptidase activity in whole cells using a simple SDS-PAGE assay,
methods for analysis of C5a peptidase activity in a recombinant
E. coli system, and selective profiling of viable pathogenic Strepto-
cocci in the presence of non-pathogenic bacteria. These results can
be further adapted to readily characterize C5a peptidase expression
and its role under various environmental conditions. Furthermore,
the probe is the first known small molecule inhibitor for C5a
peptidase, whose structural components can be adapted for further
investigation of clinically relevant small molecule inhibitors. We are
currently investigating the labeling capability of our probe in
complex environmental and biological samples for selective detec-
tion of C5a peptidase expressing Streptococci.
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