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Inactivation of Polymyxin by Hydrolytic Mechanism
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ABSTRACT Polymyxins are nonribosomal peptide antibiotics used as the last-resort
drug for treatment of multidrug-resistant Gram-negative bacteria. However, strains
that are resistant to polymyxins have emerged in many countries. Although several
mechanisms for polymyxin resistance have been well described, there is little knowl-
edge on the hydrolytic mechanism of polymyxin. Here, we identified a polymyxin-
inactivating enzyme from Bacillus licheniformis strain DC-1 which was produced and
secreted into the medium during entry into stationary phase. After purification, se-
quencing, and heterologous expression, we found that the alkaline protease Apr is
responsible for inactivation of polymyxins. Analysis of inactivation products demon-
strated that Apr cleaves polymyxin E at two peptide bonds: one is between the trip-
eptide side chain and the cyclic heptapeptide ring, the other between L-Thr and
L-a-y-diaminobutyric acid (L-Dab) within the cyclic heptapeptide ring. Apr is
highly conserved among several genera of Gram-positive bacteria, including Bacillus
and Paenibacillus. 1t is noteworthy that two peptidases S8 from Gram-negative bac-
teria shared high levels of sequence identity with Apr. Our results indicate that poly-
myxin resistance may result from inactivation of antibiotics by hydrolysis.

KEYWORDS Bacillus licheniformis, alkaline protease, polymyxin resistance, polymyxin-
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olymyxins are antibacterial peptides produced by the Gram-positive bacterium

Paenibacillus polymyxa (formerly named Bacillus polymyxa). After their discovery,
polymyxin B (PMB) and polymyxin E (colistin) were widely used clinically against
Gram-negative bacteria. Because of their nephrotoxic and neurotoxic effects, polymyx-
ins were replaced by new antibiotics (such as aminoglycosides) in the mid-1980s.
However, polymyxins have been revived as the last-line therapy to treat multidrug-
resistant Gram-negative bacteria (1-3).

Both colistin and PMB are biosynthesized by nonribosomal peptide synthetases.
They contain a cyclic heptapeptide ring and a tripeptide side chain which covalently
binds to a fatty acid tail (Fig. 1). The only difference between colistin and PMB is the
amino acid (aa) at position 6, b-Leu in colistin and p-Phe in polymyxin B. Both colistin
and PMB are composed of two closely related components (i.e., colistin A and B for Citation Yin J, Wang G, Cheng D, Fu J, Qiu J, Yu
colistin and PMB, and PMB, for polymyxin B). The fatty acid in colistin A and PMB, is ?sgfn:?;Cz\vr?;ﬁlnc‘:gtf‘:y;ﬁ'E:gr:cyflgz‘ryt'c
6-methyloctanoic acid, while the fatty acid in colistin B and PMB, is 6-methylheptanoic 63002378-18, httpsz//doigg/m128/AAC
acid (4, 5). 02378-18.

In Gram-negative bacteria, the electrostatic interaction between divalent cations Copyright © 2019 American Society for
(Mg2* and Ca2*) and phosphate residues of lipid A is essential for the stability of g sleles Al g/ essed.
lipopolysaccharide (LPS) and the outer membrane. Polymyxins contain six cationic
L-a-y-diaminobutyric acid (.-Dab) residues (Fig. 1). Due to the higher affinity between
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t-Dab and lipid A, polymyxins displace divalent cations and bind to lipid A molecules, Returned for modification 4 December 2018
resulting in destabilization of the outer membrane. The hydrophobic domains of Accepted 19 March 2019
polymyxins (including the fatty acyl chain and p-Phe/b-Leu-L-Leu) insert between the ?gf;pt‘“'d TR el el T Afpl
acyl chains of lipid A and then enter the periplasm via a self-promoted uptake Published 24 May 2019

mechanism. Subsequently, polymyxins penetrate into the phospholipid bilayer of the
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FIG 1 Chemical structure and degradation pathway of colistin. The amino acid positions are numbered in
accordance with the discussion in the text. The amino acid at position 6 is b-Phe in polymyxin B. Both colistin and
PMB are mixtures of structurally related compounds. Fatty acid, 6-methyloctanoic acid for colistin A and PMB, and
6-methylheptanoic acid for colistin B and PMB,; Dab, a-y-diaminobutyric acid; Leu, leucine; Thr, threonine. The sites
of cleavage by alkaline protease Apr are indicated by the arrows.

inner membrane (5-7). Although LPS is absent in Gram-positive bacteria, recent studies
showed that polymyxins can also kill their producer, P. polymyxa, in a manner mediated
by both cell membrane damage and oxidative stress (8-10).

As for other antibiotics, Gram-negative bacteria have developed several mecha-
nisms of polymyxin resistance (11-14). The most important strategy is the modification
of the outer membrane, especially the alteration of LPS. The addition of 4-amino-4-
deoxy-L-arabinose (L-Ara4N), phosphoethanolamine (pEtN), or galactosamine to lipid A
decreases the net negative charge of phosphate residues of lipid A, thus dramatically
reducing the affinity of polymyxin to lipid A. A large number of studies have suggested
that several two-component systems (PhoPQ, PmrAB, and CrrAB) are involved in the
regulation of lipid A modification (13, 15, 16). Another mechanism of resistance to
polymyxin is the expression of efflux pumps (17, 18).

Interestingly, studies from several decades ago showed that a colistin-inactivating
enzyme (colistinase) was produced by P. polymyxa, resulting in the degradation of
colistin (19-22). It is likely that colistinase is a kind of serine alkaline protease which
cleaves the peptide bond between the tripeptide side chain and the cyclic heptapep-
tide ring (positions 3 and 4) (22). Colistin is also degraded by certain plant proteinases,
such as papain, ficin, and bromelain (23). Curiously, there are no further studies in the
literature about the hydrolytic mechanism of polymyxins. It is still unclear which genes
are responsible for the degradation of polymyxins.

In this study, we identified the polymyxin-inactivating enzyme from Bacillus licheni-
formis strain DC-1. Heterogeneous expression suggested that this polymyxin-inactivating
enzyme is the alkaline protease Apr, which has a catalytic domain similar to that of subtilisin
Carlsberg from other Bacillus strains. Further studies demonstrated that Apr cleaves colistin
at two peptide bonds: one is between the tripeptide side chain and the cyclic heptapeptide
ring, and the other is between L-Thr and L-Dab within the cyclic heptapeptide ring (Fig. 1).

RESULTS

Polymyxins can be inactivated by Bacillus species. Studies from several decades
ago indicated that colistin-inactivating enzymes are probably produced and secreted by
the producer of colistin, P. polymyxa (20-22). To identify the colistin-inactivating enzyme,
the cylinder-plate diffusion method was performed to screen colistin-degrading bacteria
from our laboratory stocks of Bacillus strains. Escherichiacoli strain DH5« was used as a
colistin-sensitive indicator strain. The addition of colistin (10,000 U/ml) resulted in an
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FIG 2 Colistin is degraded by the fermentation supernatant of Bacillus species bacteria. The residual
antibacterial activity of colistin was determined by the cylinder-plate diffusion method in both LB agar and
CAMHM. E. coli DH5« was used as the test strain. An amount of 200 ul of LB or CAMH broth (control) or
fermentation supernatant of Bacillus bacteria was pipetted into stainless steel cylinder cups. The plates were
left standing for 12 h at 4°C and then incubated at 37°C for 24 h. The diameters (in mm) of inhibition zones
were accurately measured by vernier caliper. The residual antibacterial activity of colistin was calculated
according to the following formula: residual activity (%) = (residual concentration/initial concentration) X
100. Each reaction was performed in triplicate. Error bars show standard errors of the means (SEM).

obvious inhibition zone in a lysogeny broth (LB) agar plate. The inhibition zone
diameter was positively correlated to the logarithm of the colistin concentration (Fig. S1
in the supplemental material). The residual activity of colistin was calculated according
to a calibration curve. As shown by the results in Fig. 2, colistin was hardly degraded by
the fermentation supernatant of Bacillussubtilis strain WB800, a protease-deficient strain
(24) whose results were comparable to the results for the control. In contrast, colistin
was efficiently degraded when supplemented with the fermentation supernatant of B.
licheniformis DC-1. It has been reported that colistin activity is dependent on the culture
medium and cation concentration (25). To exclude the effect of culture medium on
colistin degradation, we repeated the experiments using cation-adjusted Mueller-
Hinton medium (CAMHM) instead of LB agar. The results showed that colistin was also
effectively inactivated by B. licheniformis DC-1 in CAMHM (Fig. 2; Fig. S1). Therefore,
colistin-inactivating enzymes could exist in the fermentation broth of B. licheniformis
DC-1.

Next, we investigated the ability of B. licheniformis DC-1 to degrade other antimi-
crobial peptides (including PMB, bacitracin, and daptomycin). Among them, only PMB
can be effectively degraded by B. licheniformis DC-1 (Fig. S2). These results suggest that
the colistin-inactivating enzyme produced by B. licheniformis DC-1 is specific to poly-
myxins.

Polymyxin-inactivating enzyme is produced during entry into stationary
phase. To explore the relationship between cell growth and polymyxin-inactivating
enzyme production in B. licheniformis DC-1, the residual antibacterial activity of colistin
at various time points was determined. As shown by the results in Fig. 3, colistin was
barely degraded by lag- and logarithmic-phase cultures. In contrast, colistin was rapidly
degraded by stationary-phase cultures. Notably, more than 90% of colistin was de-
graded by bacterium-free culture supernatants after 26 h of fermentation. These results
suggest that the polymyxin-inactivating enzyme may be produced and secreted by B.
licheniformis DC-1 during entry into stationary phase.

Isolation and identification of polymyxin-inactivating enzyme. To isolate the
polymyxin-inactivating enzyme from B. licheniformis DC-1, secreted proteins in fermen-
tation supernatants were separated by SDS-PAGE. A large number of proteins were
secreted by B. licheniformis DC-1 during logarithmic and stationary phases (Fig. 4A). It
is notable that a band between ~25 and 35 kDa (Fig. 4A, arrow) was observed in
fermentation supernatant from stationary phase (Fig. 4A, lanes 1 and 4) but not in
whole-cell lysate from stationary phase (Fig. 4A, lane 2) or fermentation supernatant
from logarithmic phase (Fig. 4A, lane 3). Ammonium sulfate fractionation results
showed that the fraction degrading colistin precipitated at 30% and 50% saturation
(Fig. 4A, lanes 5 and 6; Fig. S3). The observation of this band is in accordance with the
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FIG 3 Colistin is degraded by B. licheniformis DC-1 during entry into stationary phase. Overnight culture
was diluted 1:100 in 3 ml of fresh fermentation medium, and growth was recorded by measuring the
ODy,0- Meanwhile, the residual antibacterial activity of colistin at various time points was determined by
the cylinder-plate diffusion method. Data are shown as mean values * standard errors of the means
(SEM) from at least three experiments.

degradation of colistin as mentioned above (Fig. 3). Therefore, we speculated that this
band might be involved in colistin degradation. The fraction containing the protein of
interest was dialyzed, concentrated by centrifugal filters, and then subjected to a
colistin degradation test. The addition of the concentrated fraction significantly de-
creased the inhibition zone of colistin, which is consistent with the results for the
fermentation supernatant of B. licheniformis DC-1 (Fig. 4B). These data, collectively,
indicate that the concentrated fraction possesses a component that inactivates colistin.

To identify the protein of interest, the concentrated fraction was analyzed by
nanoscale liquid chromatography-electrospray ionization-tandem mass spectrometry
(NanoLC-ESI-MS/MS). In total, 17 proteins were predicted based on sequence alignment
with the reference strain B. licheniformis ATCC 14580 (Table S1). However, nine of them
were excluded because of high or low molecular weight (>35 kDa or <25 kDa). Among
the remaining eight predicted proteins, Apr is a mature alkaline protease that contains
a subtilisin Carlsberg-like catalytic domain. Given that polymyxins are polypeptides
consisting of 10 amino acids, we speculated that the polymyxin-inactivating enzyme of
B. Licheniformis DC-1 may be the alkaline protease Apr.

Amplification of the apr gene from B. licheniformis DC-1. Although the genome
of B. licheniformis DC-1 has not been sequenced, the 16S rRNA gene sequence is highly
homologous to that of B. licheniformis strain WX-02, a halotolerant bacterium that
produces poly-y-glutamic acid (y-PGA) (26). We designed primers according to the
genome of B. licheniformis WX-02 to amplify the apr gene from B. licheniformis DC-1,
together with its 5" untranslated region (UTR). In total, a sequence of 1,521 bp was
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FIG 4 Isolation and purification of polymyxin-inactivating enzyme. (A) Analysis of secreted proteins by
SDS-PAGE. Lane M, protein molecular weight marker; lanes 1 and 4, fermentation supernatant from
stationary phase (incubation for 24 h); lane 2, whole-cell lysate from stationary phase (incubation for 24
h); lane 3, fermentation supernatant from logarithmic phase (incubation for 12 h); lane 5, 50% ammo-
nium sulfate fraction; lane 6, 30% ammonium sulfate fraction. The arrow shows the predicted band. (B)
Effects of different solutions on colistin inactivation. 1, phosphate-buffered saline (PBS); 2, LB broth; 3,
fermentation supernatant of B. licheniformis DC-1 from stationary phase; 4, concentrated fraction. The
residual antibacterial activity of colistin was determined by the cylinder-plate diffusion method.
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FIG 5 Phylogenetic tree of B. Licheniformis DC-1 Apr. The tree was constructed using the neighbor-joining method. The data set was

resampled 1,000 times by using the bootstrap option.

obtained, which contains an open reading frame (ORF) of 1,137 bp encoding a 379-
amino-acid protein composed of a signal peptide (aa 1 to 29), a prosequence (aa 39 to
105), and a mature protein (aa 128 to 370). BLASTp alignment demonstrated that the
sequence is identical to that of B. licheniformis WX-02 and shares extremely high
homology with those of many strains of the genera Bacillus and Paenibacillus (Fig. 5).
Apr homologs are also found in several other genera of Gram-positive bacteria,
including the human pathogen Streptococcus pneumoniae. It is notable that two
peptidases S8 from Gram-negative bacteria (Sphingobacterium sp.strain A3 and Pseu-
domonas sp. strain A29) share 64% sequence identity with the B. licheniformis Apr.

Heterogeneous expression of the apr gene. To confirm whether the Apr protein
of B. licheniformis DC-1 is indeed a polymyxin-inactivating enzyme, the apr gene was
expressed in the heterologous host B. subtilis WB800, which cannot degrade polymyx-
ins, as mentioned above. pWBUCO1, a shuttle plasmid for E. coli and B. subtilis, was
employed to express exogenous genes under the control of P43, a strong constitutive
promoter in B. subtilis (27). When we used this plasmid to clone B. licheniformis apr, we
failed to obtain any B. subtilis transformants. It has been reported that overexpression
of Apr is toxic and therefore lethal to the host cell (28). To avoid this, we removed the
P43 promoter and sacB signal peptide from pWBUCO1 and expressed B. licheniformis
apr from its own promoter (Papr) and signal peptide (SP), resulting in recombinant
strain B. subtilis WB800/pWBUCO1-apr (Fig. S4). The ability to degrade colistin was
assessed with bacterium-free culture supernatants of the recombinant strain (Fig. 6A).
As expected, the inactivation of colistin did not occur in B. subtilis WB800 with empty
plasmid under any test conditions. In contrast, colistin activity was significantly de-
creased by stationary-phase cultures of B. subtilis WB800/pWBUCO1-apr, although the
colistin degradation efficiency in the recombinant strain was slightly lower than that in
B. licheniformis DC-1. Nearly 50% of colistin was inactivated by bacterium-free culture
supernatant of B. subtilis WB800/pWBUCO1-apr after 26 h of fermentation. These results
suggest that the expression of B. licheniformis apr in B. subtilis WB800 produces a
functional alkaline protease.

To assess the role of Apr in colistin resistance, colistin was added to stationary-phase
cultures (27 h) of these strains and the optical density at 600 nm (OD,,) was measured
(Fig. 6B). Upon exposure to colistin, the OD,,, of B. subtilis WB800 harboring empty
plasmid was substantially reduced, an indication of cell lysis. However, the addition of
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FIG 6 The alkaline protease Apr is responsible for colistin inactivation. (A) Colistin is degraded by B.
subtilis WB800/pWBUCO1-apr. The residual antibacterial activity of colistin was determined by the
cylinder-plate diffusion method. (B) Expression of the apr gene confers resistance to colistin during
stationary phase. Growth was recorded by measuring the OD,. Colistin was added into the medium
after incubation for 27 h, indicated by the arrow. Shown are either representative data or mean
values = SEM from at least three experiments.

colistin did not affect the ODgq, of B. subtilis WB800/pWBUCO1-apr, indicating the
inactivation of colistin by Apr. Therefore, the expression of the apr gene conferred the
ability to grow in the presence of colistin. Based on these results, it can be concluded
that alkaline protease Apr is responsible for the degradation of colistin in B. lichenifor-
mis DC-1.

Colistin is cleaved by Apr at two distinct sites. To determine the cleavage site(s)
of Apr, the inactivation products of colistin were analyzed by LC-MS/MS. Colistin is
composed of colistin A (m/z 1,169) (Fig. S5, peak A) and colistin B (m/z 1,155) (Fig. S5,
peak B). The mass difference of 14 Da results from a methylene group at the fatty acid
tail. After degradation by Apr for 4 h, three new inactivation products (peaks M1, M2,
and M3) were detected (Fig. 7A). The masses were 460 Da for peak M1 and 446 Da for
peak M2, corresponding to the tripeptide side chains of hydrolyzed colistin A and
colistin B, respectively. Meanwhile, peak M3 (m/z 746) is consistent with the addition of
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FIG 7 Identification of the chemical structures of inactivation products of colistin. (A) Analysis of the three inactivation products by LC-MS/MS. (B) Analysis of

the structure of the ring-opening heptapeptide by the Edman degradation method.
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a water molecule (18 Da) to the cyclic heptapeptide ring of colistin. These results
suggest that Apr cleaves the peptide bond between the tripeptide side chain and the
cyclic heptapeptide ring (positions 3 and 4). Besides this, Apr also cleaves another,
unknown peptide bond within the cyclic heptapeptide ring moiety.

To explore the unknown cleavage site, the structure of the ring-opening heptapep-
tide was analyzed by the Edman degradation method (Fig. 7B). According to the
19-amino-acid standard (except for Cys), the third amino acid is easily determined to be
Leu. Because of the structural similarity between Pro and L-Dab, the second amino acid
is deduced to be L-Dab. Therefore, we can conclude that the ring-opening heptapep-
tide is L-Dab-L-Dab-p-Leu-L-Leu-L.-Dab-t-Dab-t-Thr. In other words, Apr cleaves the
peptide bond between L-Thr and L-Dab in the cyclic heptapeptide (positions 4 and 10)
(Fig. 1).

DISCUSSION

Antibiotic resistance is mediated by several mechanisms, including prevention of
access to targets, modification of targets, and inactivation of antibiotics by hydrolysis
or modification (29). Polymyxins and other nonribosomal peptide antibiotics are highly
effective against multidrug-resistant Gram-negative bacteria. Similar to the case for
other types of antibiotics, modification of targets (outer membrane) and expression of
efflux pumps are the two main strategies for polymyxin resistance. Here, we present
evidence to demonstrate that polymyxins can be hydrolyzed by the alkaline protease
Apr from B. licheniformis DC-1. Given that alkaline proteases are widely distributed in
the genus Bacillus, polymyxin resistance could result from inactivation of antibiotics by
hydrolysis.

A recent study based on global genome mining has demonstrated that many
microorganisms harbor p-stereospecific peptidases which are involved in resistance to
nonribosomal peptide antibiotics, such as polymyxin, vancomycin, and teixobactin (30).
Consistently, daptomyxin and other bacterial cyclic peptides can be degraded by
hydrolysis in Streptomyces spp. and Sphingosinicella spp. Although direct evidence is
lacking, it is likely that serine proteases are responsible for inactivation of these
antibiotics (31, 32). Furthermore, bacterial proteases are also active in degradation of
defensins and antimicrobial peptides produced by the host. For example, extracellular
protease OmpT is the enzyme that degrades the cationic antimicrobial peptide prota-
mine in E. coli (33, 34). Collectively, these data indicate that hydrolytic cleavage by
proteases may be a common mechanism underlying resistance to antimicrobial pep-
tides.

It has been reported that colistin is specifically cleaved by colistinase Il (purified from
P. polymyxa) between L-Dab of the side chain and L-Dab in the adjacent cyclic
heptapeptide (Dab-Dab bond) (19, 22). Our results confirm that the Dab-Dab bond in
the side chain is the cleavage site of alkaline proteases. Moreover, we found that B.
licheniformis Apr is able to cleave colistin at another site, the peptide bond between
L-Thr and -Dab in the cyclic heptapeptide (Thr-Dab bond) (Fig. 1). It is important to
note that the former studies were carried out in vitro and that colistinase Il is only one
of the two components of the colistin-inactivating enzyme in P. polymyxa (19, 22). In
this study, however, B. licheniformis Apr was successfully expressed in B. subtilis WB800
and the activity of the recombinant enzyme was determined in vivo. At present, we
cannot distinguish whether the cleavage of two sites by Apr occurs sequentially or
simultaneously. Except for the tripeptide side chain and the ring-opening heptapep-
tide, other intermediates are not observed in degradation products. Further work is
required to determine the hydrolyzation process.

B. licheniformis Apr is produced only during the stationary growth phase (Fig. 2). This
result is in agreement with several previous reports for other alkaline proteases (35, 36).
In B. subtilis, the expression of extracellular proteases AprE and NprE is directly or
indirectly regulated by multiple transcriptional regulators, including AbrB, DegU,
Spo0A, ScoC, SinR, and CodY (36). Although the regulation of B. licheniformis apr
remains unknown, it is possible that these regulators are also involved in the expression
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TABLE 1 Strains and plasmids used in this study

Strain or plasmid Description Reference or source
Strains
B. licheniformis DC-1 Polymyxin-degrading bacterium Laboratory stock
B. subtilis WB800 Host for expression 24
B. subtilis WB800/pWBUCO1 B. subtilis WB800 with pWBUCO1 This study
B. subtilis WB800/pWBUCO1-apr B. subtilis WB800 with pWBUCO1-apr This study
E. coli DH5a Colistin sensitive, host for cloning Laboratory stock
Micrococcus luteus Gramicidin and daptomyxin sensitive Laboratory stock
Plasmids
pWBUCO1 Apr Km', E. coli-B. subtilis shuttle vector® 27
pWBUCO1-apr pWBUCO1 carrying apr and its 5’ UTR This study

aAp’, Ampicillin resistance; Km", kanamycin resistance.

of Apr. The major function of AprE and NprE is to degrade extracellular proteins into
amino acids for bacterial growth, but they are not essential. Additionally, the alkaline
proteases play important roles in subtilin processing (37), poly-y-glutamate synthesis
(38), and quorum-sensing-signal production (39). Our results demonstrate that B.
licheniformis Apr is required for bacterial survival upon colistin exposure during sta-
tionary phase. Given that a large number of antimicrobial peptides are produced by the
genus Bacillus, especially at the beginning of stationary phase (40, 41), we suppose that
alkaline proteases contribute to protection against antimicrobial peptides produced by
themselves or their relatives.

Besides Bacillus, several other genera of Gram-positive bacteria possess proteins
homologous to Apr, including the human pathogen S.pneumoniae (Fig. 5). Notably, two
peptidases S8 from Gram-negative bacteria (Sphingobacterium sp. A3 and Pseudomonas
sp. A29) share high sequence identity with Apr. The finding of inactivation of colistin by
alkaline proteases is of great importance for clinical practice. It is possible that poly-
myxins will be destroyed by secreted proteases from other microorganisms, thus
affecting the clinical efficacy of polymyxins. More importantly, it cannot be ruled out
that the alkaline protease gene could be transferred to Gram-negative pathogens,
resulting in inefficiency of this last-resort drug.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial strains and plasmids used in this study are
described in Table 1. For molecular cloning, bacterial cultures were grown in LB containing 5 g/liter yeast
extract, 10 g/liter tryptone, and 10 g/liter NaCl at 37°C. For the polymyxin degradation test, Bacillus cells
were grown in fermentation broth containing 60 g/liter p-glucose, 40 g/liter soya peptone, 3 g/liter
Na,HPO,-12H,0, and 0.3 g/liter KH,PO,. When needed, the medium was supplemented with antibiotics
at the following concentrations: kanamycin, 50 ug/ml; ampicillin, 100 wg/ml.

Determination of the residual antibacterial activity of colistin. The inactivation of colistin
(0.05 ng/U; purchased from Zhejiang Qianjiang Biochemical Co,, Ltd., Jiaxing, China) in bacterium-free
culture supernatants was determined by the cylinder-plate diffusion method as described previously,
with some modifications (42, 43). In brief, bacterial suspensions at various time points were centrifuged
at 5,000 rpm for 5 min and then filtered through a 0.22-um Millipore membrane. The E. coli DH5« test
strain was grown in LB broth to an ODy, of 1.0. A total of 1.0 ml of bacterial suspension was inoculated
into 20 ml of preheated LB agar medium. The medium was mixed evenly and poured into a petri dish.
Colistin (final concentration of 10,000 U/ml) was added into the bacterium-free culture supernatants and
the reaction solutions were allowed to stand at 37°C for 1 h. Next, 200 ul of each standard solution or
reaction solution was pipetted into Oxford cups (stainless steel cylinders) placed on the agar surface. The
plates were left standing for 12h at 4°C and then incubated at 37°C for 24 h. The diameters (in
millimeters) of inhibition zones were accurately measured by vernier caliper. All experiments were
performed at least three times, and the results were corrected by the reference concentration (5,000 U/
ml). A calibration curve for logarithms of concentrations (U/ml) of colistin versus zones of inhibition (mm)
was plotted. The residual antibacterial activity (%) of colistin was calculated as follows: residual activity
(%) = (residual concentration/initial concentration) X 100.

Characterization of B. licheniformis DC-1. Because of its higher degradation rate, B. licheniformis
DC-1 was chosen for further study. To determine bacterial growth, an overnight culture was diluted 1:100
in 50 ml of fresh fermentation medium, and the growth was recorded by measuring the ODg,. To assess
phylogeny, the genomic DNA was extracted using a bacterial genomic DNA extraction kit (TransGen
Biotech, Beijing, China) according to the manufacturer’s instructions, and then the 16S rRNA gene
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fragment was amplified by paired primers 27F (5'-AGAGTTTGATCATGGCTCAG-3') and 1492R (5'-TACG
GTTACCTTGTTACGACTT-3'). Afterwards, the PCR product was sequenced and analyzed using BLASTn.

Purification of polymyxin-inactivating hydrolase from B. licheniformis. The overnight cultures
were diluted into 50 ml of fresh fermentation broth for incubation at 37°C for 24 h. The bacterial
suspension was centrifuged at 8,000 rpm for 10 min at 4°C. Anhydrous ethanol was added to the
fermentation supernatant and the mixture centrifuged at 12,000 rpm for 20 min. The precipitate was
dissolved into borate buffer (0.2 M, pH 9.0). Ammonium sulfate was added to the precipitating solution
in different concentrations at 10, 20, 30, 40, 50, 60, and 70% saturation to obtain various fractions. Each
precipitate was dissolved into borate buffer (0.2 M, pH 9.0) and subjected to the enzyme activity test. The
protein fractions precipitated by (NH,),SO4 at saturations of 30% and 50% were dissolved, and the
solutions dialyzed for 24 h at 4°C in 0.2 M borate buffer. The fractions were concentrated with an Amicon
ultra-15 centrifugal filter (10 kDa; Millipore). The concentrated fractions were analyzed by SDS-PAGE,
digested with trypsin, and subjected to NanoLC-ESI-MS/MS analysis. Peptide mixtures were separated
using the ThermoFisher Scientific Easy-nLC 1000 system and analyzed using a Thermo Scientific Q
Exactive mass spectrometer.

Heterologous expression of the alkaline protease Apr. To express the polymyxin-inactivating
enzyme in B. subtilis WB800, the E. coli-B. subtilis shuttle vector pWBUCO1 was employed (27). The
recombinant plasmid was constructed using the ClonExpress Il one-step cloning kit (Vazyme,
Nanjing, China) (Fig. S4). Briefly, the backbone of plasmid pWBUCO1 was amplified by paired primers
WGO1F (5'-CCGCTCGAGTTCAGTGCCGACCAAAACCA-3’) and WGO1R (5'-CGCGGATCCTCCGCTCACAA
TTCCACACA-3'), and primers PaprF (5'-CCGCTCGAGATCTTTCACCCGTTTCTG-3’) and PaprR (5'-CGCG
GATCCTTATTGAGCGGCAGCTTC-3’), designed according to the genome of B. licheniformis WX-02,
were used to amplify the apr gene and its 5’ UTR from B. licheniformis DC-1 (Xhol/BamHI sites are
underlined in both pairs of primers). This fragment was then cloned via Xhol/BamHI sites into the
backbone of plasmid pWBUCO1, resulting in the recombinant plasmid pWBUCO1-apr. After being
verified by sequencing, this plasmid was introduced by electroporation into B. subtilis WB800 as
described previously (44).

Analysis of the inactivation products of colistin. The purified polymyxin-inactivating hydrolase
was added to the colistin solution at a final concentration of 10,000 U/ml, and the reaction solution was
allowed to stand at 37°C for 1 h. Subsequently, the enzyme was separated by using the Amicon ultra-15
centrifugal filter unit (3 kDa; Millipore), and the filtrate containing inactivation products of colistin was
collected. The products were analyzed by LC-MS/MS (Esquire 6000; Bruker, Bremen, Germany) (45). An
aliquot of 20 ul of each sample was injected at a flow rate of 0.6 ml/min, using a YMC-Pack ODS-A
reverse-phase C,, column (5-um particle size, 150 mm by 4.6 mm; YMC Co. Ltd., Kyoto, Japan).

Accession number(s). The amplified apr gene sequence from B. licheniformis DC-1 was deposited in
GenBank under accession number MK085119.
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