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Abstract

The emerging and global spread of a novel plasmid-mediated colistin resistance gene, mcr-
1, threatens human health. Expression of the MCR-1 protein affects bacterial fithess and
this cost correlates with lipid A perturbation. However, the exact molecular mechanism
remains unclear. Here, we identified the MCR-1 M6 variant carrying two-point mutations
that conferred co-resistance to 3-lactam antibiotics. Compared to wild-type (WT) MCR-1,
this variant caused severe disturbance in lipid A, resulting in up-regulation of L, D-transpepti-
dases (LDTs) pathway, which explains co-resistance to B-lactams. Moreover, we show that
a lipid A loading pocket is localized at the linker domain of MCR-1 where these 2 mutations
are located. This pocket governs colistin resistance and bacterial membrane permeability,
and the mutated pocket in M6 enhances the binding affinity towards lipid A. Based on this
new information, we also designed synthetic peptides derived from M6 that exhibit broad-
spectrum antimicrobial activity, exposing a potential vulnerability that could be exploited for
future antimicrobial drug design.

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002433 December 13, 2023

1/24


https://orcid.org/0000-0003-1468-5568
https://orcid.org/0000-0001-6750-5482
https://doi.org/10.1371/journal.pbio.3002433
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pbio.3002433&domain=pdf&date_stamp=2024-01-12
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pbio.3002433&domain=pdf&date_stamp=2024-01-12
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pbio.3002433&domain=pdf&date_stamp=2024-01-12
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pbio.3002433&domain=pdf&date_stamp=2024-01-12
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pbio.3002433&domain=pdf&date_stamp=2024-01-12
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pbio.3002433&domain=pdf&date_stamp=2024-01-12
https://doi.org/10.1371/journal.pbio.3002433
https://doi.org/10.1371/journal.pbio.3002433
http://creativecommons.org/licenses/by/4.0/

PLOS BIOLOGY

A novel MCR-1 variant displaying co-resistance to B-lactams uncovers novel antimicrobial peptide

analysis and homology protein modelling were
deposited in https:/github.com/LiangLujie/NMCR-1
new_variant and https://github.com/Wang-Lin-
boop/AutoMD. The protein structure of MCR-1 and
its lipid A binding is presented in S1
Supplementary PDB file.
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Introduction

Colistin/Polymyxin is a last-resort antibiotic against infections caused by highly drug-resistant
bacteria, particularly carbapenem-resistant Enterobacterales [1]. However, the emergence of a
novel plasmid-mediated colistin resistance gene named mcr-1 in 2016 threatened the clinical
effectiveness of colistin. Since then, instances of mcr-1-positive Enterobacterales (MCRPE)
have been detected from various sources (including livestock, humans, animal food products,
and the environment) and have disseminated globally, spreading to >40 countries in 5 conti-
nents [2-4]. Colistin has been used as an additive in livestock feed to promote growth and pre-
vent infection in China since the 1980s, and the correlation between the spread of mcr-1 and
colistin use in animal husbandry has been observed [5]. To prevent the continued spread of
plasmid-borne mcr-1, the Chinese government banned the use of colistin as animal feed addi-
tive in 2017. Such policy resulted in remarkable reductions in the production as well as sale of
colistin sulfate premix [6] and a subsequent drastic decline in mcr-1 prevalence [7]. Nonethe-
less, a low prevalence of mcr-1 was still detected among inpatients, likely associated with the
approval of colistin for clinical use in China [5,6,8,9]. Furthermore, increased co-existence of
mcr-1 and carbapenemase genes after the clinical introduction of polymyxin was recently
reported [10]. Hence, there is an urgent need to develop new strategies to eliminate the spread
of mcr-1 and prolong the use of colistin/polymixin as the last-resort antibiotic against carbape-
nem-resistant bacteria that carry mcr-1.

By neutralizing the overall negative charge of the bacterial surface, MCR-1 renders the bac-
teria resistant to colistin, which functions as an inner-membrane metalloenzyme with its active
site exposed to the periplasmic space [11,12]. MCR-1 comprises 5 predicted membrane-span-
ning a-helixes, forming an insoluble domain that anchors in the cytoplasmic membrane. This
domain is connected to a soluble catalytic domain, which extends into the periplasm through a
flexible linker region [13,14]. The catalytic domain of MCR-1 is highly homologous with that
of the Neisseria meningitidis phosphoethanolamine (PEA) transferase EptA [11,15]. Both of
them possess a conserved zinc-binding pocket for conferring colistin resistance. The MCR-1-
mediated lipid A modification involves 2 steps: (i) phosphatidylethanolamine (PE) hydrolysis
into diacylglycerol resulting in MCR-1-bound PEA; and (ii) transfer of the PEA moiety onto
lipid A [16]. PE is the major lipid component of inner membrane (IM), flipped by MsbA
[17,18]. While the PE-interacting cavity has been assigned [19], the precise mechanism for the
interplay between MCR-1 and lipid A remains unknown.

The lipid A moiety of lipopolysaccharide (LPS), the primary component of outer mem-
brane (OM) in gram-negative bacteria, is critical to bacterial physiology and survival [20,21].
Lipid A is synthesized on the cytoplasmic surface of the IM through a well-conserved pathway
involving 9 enzymes. After attaching the core oligosaccharide, lipid A is flipped to the outer
leaflet of the IM by the ABC transporter MsbA. Subsequently, O-antigen polymers may added
in some but not all gram-negative bacteria [22]. LPS molecules are transported from the IM to
the OM and distributed asymmetrically on the outer leaflet of the OM [23], a process requiring
maintenance of lipid asymmetry (Mla) system. The proper distribution of lipid A is crucial for
maintaining the mechanical integrity of the bacterial OM [24,25]. The interaction between
MCR-1 and lipid A appears to compromise bacterial physiology. Various studies have demon-
strated that MCR-1 leads to reduced bacterial fitness [26-29], even for isolates collected from
hospitals [30]. The reduced mcr-1 prevalence after the ban on colistin-added fodders is
believed to be associated with the MCR-1-mediated fitness cost in the absence of antibiotic
selective pressure [6,7,9]. Our recent research has suggested that MCR-1 induces membrane
lipid remodeling, leading to a compromise in the OM integrity as well as bacterial viability
[31]. These observations raise the possibility that MCR-1 possesses a potential lipid-binding

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002433 December 13, 2023

2/24


https://doi.org/10.1371/journal.pbio.3002433
https://github.com/LiangLujie/MCR-1_new_variant
https://github.com/LiangLujie/MCR-1_new_variant
https://github.com/Wang-Lin-boop/AutoMD
https://github.com/Wang-Lin-boop/AutoMD

PLOS BIOLOGY

A novel MCR-1 variant displaying co-resistance to B-lactams uncovers novel antimicrobial peptide

pocket that disrupts the distribution of lipid A in the OM. However, the precise molecular
mechanism by which MCR-1 disrupts lipid homeostasis remains to be fully elucidated.

Using our previous high-throughput library of mcr-1 mutants, we characterize here an
MCR-1 variant named M6, which possesses 2 mutations (P188A and P195S) within the linker
domain. M6 expression resulted in co-resistance towards B-lactam antibiotics. Meanwhile, the
expression of M6 caused membrane lipid A perturbation, resulting in a growth defect and up-
regulation of the LDT's pathway. Moreover, we identified a lipid A loading pocket located
within the linker domain of MCR-1, where the 2 point mutations in M6, potentially increasing
the lipid A binding affinity. Synthetic peptides derived from the M6 linker domain revealed
antimicrobial activity, unraveling a potentially new strategy for eliminating drug-resistant
bacteria.

Results
MCR-1 variant M6 induces co-resistance towards f3-lactam antibiotics

Given that MCR-1 disrupts OM integrity [31,32] facilitating entry of various antibiotics, we
hypothesized that specific mutations in mcr-1 could abolish this phenotype. We tested this
hypothesis using our previously established mcr-1 mutant library, which encompassed 171,769
mutation genotypes [33], covering 99.96% (4858/4860) possible single-nucleotide mutations
of mcr-1. Screening was performed at antibiotic concentrations below and above the minimal
inhibitory concentration (MIC, 0.8-2x MIC) to distinguish mutants with low- and high-level
resistance (S1A Fig and S1 Table). By counting the colony-forming unit (CFU) values evalu-
ated from plates containing aminoglycosides (streptomycin, SM), tetracyclines (tetracycline,
TET), quinolones (nalidixic acid, NAL), or glycopeptides (vancomycin, VAN), we observed
that some colonies from MCR-1 library could grow on plates containing penicillin (ampicillin,
AMP), cephalosporin (ceftazidime, CAZ), or carbapenem (imipenem, IMP) (S1B Fig). More-
over, we confirmed that the MCR-1 library exhibited higher viability than the control strains
after exposure to B-lactams (S1C Fig and S2 Table). Next, 50 isolates of the MCR-1 library
growing on the plates containing 2 x MIC CAZ or AMP were selected, and the mcr-1 geno-
types of the selected isolates were identified by Sanger sequencing (S3 Table). Subsequently,
we conducted MIC assays to evaluate the susceptibility of the selected strains upon CAZ,
AMP, and FOX. Several mutants displayed low-level resistance to AMP or CAZ (S3 Table).
We identified a variant named M6, carrying 2 mutations (P188A and P195S) localized at an o-
helix of the linker domain (Fig 1A and S3 Table), a region of low conservation among the pro-
tein structures of the MCR family (S2 Fig). Compared to MCR-1-expressing cells, this mutant
displayed increased resistance towards several -lactams while maintaining resistance towards
colistin (Fig 1B and Table 1), but not to other types of antibiotics (S3A Fig). This phenotype
was further confirmed by regulating M6 expression with MCR-1 native promoter (S4A Fig).
In addition, MCR-1 with either P188A or P195S abolished the co-resistance phenotype (S3B
Fig), indicating that simultaneous mutation in both residues was required.

The expression of M6 had a significant impact on bacterial growth compared to MCR-1
(Fig 1C). We speculated that the phenotypic co-resistance may be related with an increase in
membrane permeability conferred by M6. To confirm this, we assessed whether M6 confers
resistance to membrane disrupting agents like SDS/EDTA. As observed before [31], MCR-
1-expressing cells displayed increased sensitivity to detergents compared with control, whereas
M6 expression partially recovered host permeability (Fig 1D). We further quantified the level
of membrane permeability by n-phenyl-1-napthylamine (NPN) and propidium iodide (PI)
uptake assays. Comparing with control, increased NPN uptake was observed in both the
MCR-1 or M6 expressing cells (Fig 1E). Moreover, M6 expression significantly reduced the
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Fig 1. An MCR-1 mutant M6 (harboring P188A+P195S) exhibited reduced sensitivity towards B-lactam antibiotics. (A) MCR-1 protein structure in
cartoon. The linker domain (blue) and approximate membrane boundaries are indicated. The mutated residues P188 and P195 are highlighted in orange.
Close-up view of 2 mutated residues is represented. TMD, transmembrane domain. (B) The logarithmic phase cultures of E. coli BW25113 carrying empty
vector, M6, or MCR-1 were collected to evaluate the sensitivity towards CT and B-lactam antibiotics (AMP, FOX, IMP, CAZ, CTX, and MEM) by agar dilution
MIC:s tests. Each triangle represents an independent experiment. And the experiments were performed 3 times with same results. (C) Growth curves of E. coli
BW25113 carrying empty vector, M6, or MCR-1. The y-axis shows optical densities at 600 nm (ODsgo) of broth cultures, x-axis shows period of growth (h). (D)
Efficiency of plating assays on LB agar plates containing 1% SDS and 1 mM EDTA or 0.001% SDS and 1 mM EDTA. Ten-fold serial dilution of indicated
cultures was inoculated onto the agar plates. (E) The OM integrity of strains carrying M6 or MCR-1 was determined by measuring NPN uptake during
logarithmic phase. And the fluorescent signal for each sample was immediately monitored with a microplate reader at an excitation wavelength of 350 nm and
emission wavelength of 420 nm after staining. (F, G) The IM permeability of cells carrying MCR-1 or M6 was evaluated by PI staining assay. Overnight cultures
were subcultured into fresh LB broth at a ratio of 1:100 and induced with 0.2% arabinose to express MCR-1 or M6. After induction for 4 h and 8 h, stationary
and late-stationary phase cultures were collected, respectively, followed by staining with PI dye for 15 min. The PI-positive proportion was determined by flow
cytometry and analyzed by FlowJo version 10 software. All the above-described experiments were performed thrice with similar results. Error bars indicate
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standard errors of the means (SEMs) for 3 biological replicates. A two-tailed unpaired ¢ test was performed to determine the statistical significance of the data.
ns, no significant difference; *, P < 0.1; **, P < 0.01; ***, P < 0.001. The raw data underlying this figure can be found in S1 Data. IM, inner membrane; LB,
Luria-Bertani; NPN, n-phenyl-1-napthylamine; OM, outer membrane; PI, propidium iodide.

https://doi.org/10.1371/journal.pbio.3002433.g001

number of PI-positive cells during stationary phase compared to MCR-1-expressing cells (Fig
1F and 1G). Similar phenotypes were observed when M6 expression was controlled by the
MCR-1 native promoter (S4B-S4E Fig). These observations suggested that the co-resistance
phenotype mediated by M6 could be related to membrane damage. Overall, these results
revealed that M6 conferred a co-resistance towards B-lactam antibiotics via an unknown
mechanism enhancing membrane integrity.

M6 expression causes a lipid A defect in the outer membrane

We next investigated the molecular mechanism by which M6 expression caused co-resistance
towards B-lactams. OM assembly defects can activate the LDT pathway, which mediates pepti-
doglycan (PG) layer remodeling and resistance against B-lactams [34-36]. Using scanning
electron microscopy (SEM), we found that MCR-1-expressing cells displayed wrinkles. In con-
trast, M6-expressing cells exhibited significant morphological changes, including folded mem-
brane stacks and holes at the bacterial poles (Fig 2A). Transmission electron microscopy
(TEM) revealed that M6 expression induced noticeable interspace within the periplasm at one
pole of the cell (Fig 2B), indicating cytoplasmic shrinkage. To further quantify the level of bac-
terial membrane perturbation, we constructed a two-fluorescence reporter system to distin-
guish bacterial periplasm and cytoplasm, as described [37]. In this system, super-folded green
fluorescent protein (sfGFP) was fused with the signal peptide of DsbA and localized in the
periplasm, while mCherry was constitutively expressed in the cytoplasm (S5A Fig). Stationary
phase cultures were collected for analysis. M6-expressing bacteria exhibited a higher propor-
tion of cells accumulating sfGFP at bacterial pole(s) (90.7%, S5B Fig) than MCR-1 containing
bacteria (61.3%). The formation of sfGFP foci at bacterial pole, consistent with IM shrinkage
[37], suggested that the expression of M6 contributed to more severe membrane perturbation
compared to MCR-1. We also investigated the impact of M6 upon membrane potential by
using a sensitive bacterial membrane voltage V,,, sensor, which allow single-cell recording of
bacterial V,, dynamics in live cells. The results show that M6 confers increased membrane
voltage (S6A and S6B Fig). Since membrane permeability is a critical determinant for mem-
brane potential, this result also confirms a disruption of membrane homeostasis caused by M6
expression.

We employed label-free quantitative proteomics to profile proteome changes in M6-bear-
ing E. coli. In total, 2,287 proteins were identified, covering 55.5% of the E. coli BW25113 pro-
teome (S7A Fig and S4 Table). With our significant criteria (|log2-fold change (M6/MCR-1)|>
1 and p value <0.05), 66 differentially expressed proteins were identified (41 up-regulated and
25 down-regulated). Gene Ontology (GO) analysis revealed a significant enrichment in biolog-
ical events related to bacterial cell membrane and envelope space (S7B Fig and S5 Table). In

Table 1. B-Lactam antibiotics MICs of M6-bearing E. coli.

Strains

M6-bearing E. coli BW25113
MCR-1-bearing E. coli BW25113

Control carrying empty vector

https://doi.org/10.1371/journal.phio.3002433.t001

MICs (ug/ml)
CAZ AMP PIP CTX FOX CT
>0.6 16 4 0.2 >10 >16
0.2 8 4 0.05 4 >16
0.2 8 4 0.05 4 0.5

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002433 December 13, 2023 5/24


https://doi.org/10.1371/journal.pbio.3002433.g001
https://doi.org/10.1371/journal.pbio.3002433.t001
https://doi.org/10.1371/journal.pbio.3002433

PLOS BIOLOGY A novel MCR-1 variant displaying co-resistance to B-lactams uncovers novel antimicrobial peptide

‘>

Control Control

PS 0.8 m= Control 40
40 & o g == MCR-1 g
T 206 230 aa ooy
S L @ 0
® 30 . = 8
a £ 04 2 2
a2 S8 0. S
= 20 o P = g .
o < o
3 MR PEPE o8 o s 5
" 10 - L 5 (4 E 0.2 E 10 Aaa =
° L] o & S A
0 "o %32 o * o S NN NN ¢ |oow® woupon B |
) > 5 > 7 ’ wr AmrcB wT AmrcB wT AmrcB
-Log;, (fold change) CAz FOX AMP
F 5 ok H o | e
3 1.5 == Control ¥ 5000+ - ~ 60+ ns
- o~
s = MCR-1 : 2 4000 ns s
2 - M6 \ - g g
2 1.04 *kk £ € 40+
gt \ £ 3000+ 8
H *kk | b °
@ [ 2 3
g *%k | ‘ g 2000+ [
B 0.5 3 g 20
a ‘ Z 10004 a
s | = : 8
] 7= 1 0l == P B e
D n T T T T
& 0.0 PboA Control MCR-1 M6 Control MCR-1 M6 Control MCR-1 M6 Control MCR-1 M6
9.
WT LpxC WT LpxC
Ctrl MCR-1 M6 M6 Ctrl MCR-1
G It ‘ J 10+ s 10¢ 104 —10°
o RpoB
pe L Rp « RpoB MCR-1
130 KDa 130 KDa P
‘ M6
HA
70 KDa <q PbgA z ‘ Control
40 KDa |
« LPS LpxC-MCR-1
‘ LpxC- M6
[
LpxC- Control

2pgimi FOX 8ug/ml FOX

Fig 2. M6 activated LDT's pathway via the induction of severe lipid disorders. (A, B) SEM and TEM micrographs of E. coli BW25113 carrying MCR-1 or
Mé6. Overnight cultures of the above strains were subcultured into fresh LB broth at a ratio of 1:100 and induced with 0.2% arabinose for 2 h before sample
preparation. (C) The volcano diagram of the differentially expressed protein between MCR-1-bearing cells and M6-bearing cells determined by label-free
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AACT analysis. The heatmap represents the fold change in target gene transcriptional levels for MCR-1-expressing cells or M6-expressing cells compared to
that of the empty plasmid control. (E) Evaluation of the impact of mrcB on the M6-mediated co-resistance phenotype. The antibiotic susceptibility of WT or
AmrcB carrying empty plasmid (control), MCR-1 or M-6 was determined by agar dilution MIC tests. Each triangle represents an independent experiment. And
the experiments were performed 3 times with same results. (F, G) The logarithmic phase cultures of E. coli BW25113 carrying empty vector, M6, or MCR-1
were collected. And the cellular levels of PbgA and LPS of indicated strains were determined by western blot after cell lysis with ultrasonication. (H) Evaluation
of the impact of LpxC overexpression on M6-mediated OM permeability. The OM integrity was determined by measuring NPN uptake of E. coli during
logarithmic phase. (I) Evaluation of the impact of LpxC overexpression on M6-mediated IM permeability. The IM integrity was evaluated by PI staining assay.
(J) Assessment of the impact of LpxC on the M6-mediated co-resistance phenotype. The FOX MICs of WT or LpxC overexpression strains carrying empty
plasmid (control), MCR-1 or M6 were determined by agar dilution MICs tests. All the above-described experiments were performed 3 times with similar
results. Error bars indicate standard errors of the means (SEMs) for 3 biological replicates. A two-tailed unpaired ¢ test was performed to determine the
statistical significance of the data. ns, no significant difference; **, P < 0.01; ***, P < 0.001. The raw data underlying this figure can be found in S1 Data. IM,
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inner membrane; LB, Luria-Bertani; NPN, n-phenyl-1-napthylamine; OM, outer membrane; PI, propidium iodide; SEM, scanning electron microscopy; TEM,
transmission electron microscopy.
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KEGG analysis, an augmented process of PG layer synthesis was observed among the top
enriched processes (S7C Fig and S6 Table). Proteins of LDT's pathway, such as AmpH, PBP6,
and LdtD, were significantly up-regulated (Fig 2C). A protein-protein interaction (PPI) analy-
sis further revealed, in addition to AmpH and PBP6, LpoB and PBP1B might also play crucial
roles in the regulation of LDT's pathway (S7D Fig). Consistent with these findings, the tran-
scriptional levels of genes responsible for the envelope stress response and LDT's pathway,
including yiiO (gene encoding CpxP), yaiH (gene encoding AmpH), ycbB (gene encoding
LdtD), and yaeL (gene encoding RseP), were significantly up-regulated (Fig 2D). This result
indicated that M6 primarily influenced the LDT's pathway.

LdtD and its partner proteins, PBP1B and LpoB, are essential for the activity of LDTs path-
way as well as PG layer remodeling [36]. Since LdtD-mediated PG layer remodeling enables
the survival of gram-negative bacteria challenged by B-lactams [38], we explored whether M6
affects the LDTs pathway. In the presence of 3.75 mM CuSOy, an inhibitor of LDTs [39], the
M6-expressing strain exhibited increased susceptibility towards CAZ and AMP compared to
the untreated group (S8A Fig). Furthermore, the deficiency of mrcB (gene encoding PBP1B)
reduced the CAZ, AMP, and FOX MICs of M6-expressing strain (Fig 2E). However, deficiency
in ycbB (gene encoding LdtD) or ycfM (gene encoding LpoB) had no effect on susceptibility of
M6 towards B-lactams (S8B Fig), indicating the dominant role of PBP1B in the M6-mediated
phenotypic co-resistance. Additionally, only the absence of PBP1B (i.e., Amrcbh) in M6-express-
ing cells decreased the resistance to SDS detergent (S8C Fig). No significant difference in NPN
uptake was observed between M6-expressing WT E. coli and mrcB null mutant (S8D Fig).
However, the percentage of PI-positive cells in M6-bearing AmrcB mutant was significantly
higher than that in the WT strain (S8E and S8F Fig). These results suggested that the LDT's
pathway contributes to the barrier function of IM. To further verify the IM integrity of the
M6-bearing strain, spheroplasts generated by removing the OM and PG layer were confirmed
by microscopy (S9A Fig). Remarkably, the M6-bearing spheroplasts exhibited increased PI-
positive proportion than the whole cells (S9B and S9C Fig), demonstrating reduced IM integ-
rity of M6-expressing cells. Overall, these results indicated that PBP1B was essential for pheno-
typic co-resistance and IM barrier function in M6-bearing E. coli.

Because defective LPS assembly activates LDTs pathway in E. coli [36], we hypothesized
that the up-regulation in LDTs induced by M6 could be due to lipid A disruption. Therefore,
we determined the expression level of PbgA, a periplasmic protein that senses lipid A levels
and regulates the content of LPS in the OM [40]. The PbgA level in M6-expressing cells was
higher than that in MCR-1-expressing cells (Fig 2F and 2G). Moreover, the overall and IM lev-
els of LPS in M6-expressing cells was significantly lower compared to MCR-1-expressing cells
(Figs 2F, 2G and S10A). These results demonstrated that the expression of M6 led to significant
reduction in cellular lipid A level, which might be responsible for the increased permeability of
both OM and IM. We next generated strains overexpressing LpxC (an essential enzyme for
lipid A biosynthesis), which led to an increase in the LPS expression (S10B Fig). Consistently,
permeabilization caused by MCR-1 or M6 were reversed with the compensation of LpxC (Fig
2H and 2I). In addition, the overexpression of LpxC abolished the co-resistance phenotype
conferred by M6 (Fig 2J), highlighting the connection between membrane lipid A level and
co-resistance to B-lactam antibiotics in M6-bearing strain. Taken together, these results dem-
onstrate that a lipid A defect induced by M6 expression conferred reduced sensitivity to B-lac-
tam antibiotics.
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Uncovering an essential lipid A binding pocket

We hypothesized that the linker region, where the M6 point mutations occurred, might play a
significant role in the enzyme function of MCR-1. To test this idea, we generated a MCR-1
mutant lacking P188-P195 segment in the linker domain. As expected, AP188-P195 mutation
abolished the colistin resistance of mcr-1-bearing strain (S11A Fig), resuming the susceptibility
to B-lactams (S11B Fig) as well as SDS tolerance (S11C Fig). To investigate whether this region
might serve as the potential lipid A loading pocket of MCR-1, we conducted molecular dock-
ing simulations with native lipid A conformations and MCR-1. A putative lipid A binding
pocket with a total of 18 residues that localized at the linker domain was proposed (Fig 3A).
Notably, 4 regions seemed to be critical for anchoring lipid A within the loading pocket (Figs
3B and S12). To further validate the significance of this predicted pocket upon MCR-1, we
conducted structure-guided and site-directed mutagenesis. MICs assays revealed that these
mutants played different roles in the context of colistin resistance (Fig 3B). For example, a
hydrogen network was observed within K211, K204, and a phosphorate group of lipid A, and
the two-point mutation K211A+K204A in MCR-1 significantly increased the susceptibility
towards colistin. Additionally, a large hydrophobic region consisting of L64, 165, L68, L69,
1165, and 1168 likely played a role in stabilizing the flexible fatty acid tails of lipid A. The L64A
+165A+L68A+L69A mutations inactivated the function of MCR-1. We next investigated
whether mutation in the predicted lipid A binding pocket might mitigate the membrane per-
meabilization. The mutations that abolished the colistin resistance activity of MCR-1 also
restored both the OM and IM integrity of the bacterial host to the same as those of control (Fig
3B). Moreover, the colistin susceptibility phenotype for these mutants was highly correlated
with the integrity of the IM (p = 0.93, P = 0.00026) or OM (p = 0.93, P = 0.00026) (Fig 3C). In
short, these results strongly suggested that the linker region of MCR-1, where the P188A
+P195S mutations occurred, serves as the lipid A binding pocket, governing phenotypic colis-
tin resistance and bacterial membrane integrity.

To further investigate the impact of P188A+P195S mutations upon lipid A binding pocket,
we conducted molecular dynamics simulations over M6 and MCR-1 to obtain probable lipid
A binding conformations and evaluate their binding stabilities (S13A Fig). The binding affini-
ties between lipid A and WT MCR-1 or M6 were evaluated by using the MM-GBSA method,
and the results showed that M6 exhibited higher affinity towards lipid A than the WT MCR-1
(Fig 3D). Moreover, as illustrated in S13B and S13C Fig, the frequencies of the interactions
between lipid A and specific residues of M6 were different from those observed with MCR-1.
For example, the P188A+P195S mutations increased the interaction frequency between K204
and lipid A which was not observed in WT MCR-1 (S13D Fig). To further confirm that this
pocket facilitates the lipid A binding affinity, we employed synthetic peptides encompassing
the pocket of MCR-1 and M6, named peptide MCR-1 (KPLRSYVNPIMPIYSV) and peptide
M6 (KALRSYVNSIMPIYSV), to interact with LPS. The dissociation constant (Kp) values were
approximately 12.46 nM and 4.75 nM (Fig 3E and 3F), respectively. This result further demon-
strated the presence of a potential lipid A binding pocket at the linker domain of MCR-1 and
confirmed the enhanced binding affinity towards lipid A of the mutated pocket. Finally, to
investigate the impact of P188A+P195S mutations upon lipid A distribution, we undertook
MALDI-TOF to analyze the abundance of modified or unmodified lipid A purified from
MCR-1 or M6-bearing cells. We found that higher abundance of unmodified lipid A was
detected than that of the modified lipid A in the spheroplasts expressing MCR-1, which was in
line with distribution of lipid A in the whole cells of MCR-1-bearing strains (S13E Fig).
Inversely, the abundance of modified lipid A was higher than that of the unmodified lipid A in
the M6-bearing spheroplasts. Together, these results indicated that the P188A+P195S

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002433 December 13, 2023 8/24


https://doi.org/10.1371/journal.pbio.3002433

PLOS BIOLOGY A novel MCR-1 variant displaying co-resistance to B-lactams uncovers novel antimicrobial peptide

B MICs assay Pl staining assay NPN assay
Control
MCR-1 Fkkok *kkk
M197E
L64F+165Y
L64A+I65A

L165A+1168A
M197A+Y200A
K204E+K211A

M197E+R184A+K187A

L64A+I65A+L68A+L69A

I T T T 1 I T T T 1 I T T T T 1
0 5 10 15 20 o 20 40 60 80 0 1000 2000 3000 4000 5000

Conc. of colistin (pg/ml) Percentage of Pl positive (%) Fluorescent indensity
C 3 g D = -40 *k
= 3
) H £ . e
o | 5 = 3
g 4000 3 S 60 3 [
8 g <
o =
2 - 3000 < B
2 2 & -80-
= z w
-3 - 2000 = =
[y g < -100 -
(=
Z L 1000 § @
5 a <
E o g =120 :
g L . . —° 3 Q :
[ Transmembrane domain Catalytic domain = 0 5 10 15 g E =140 -
i i ipi Colistin resistance (MICs pg/ml T !
B Linker domain N Lipid A ( ug/ml) WT M6
E 051 Peptide ycg.1 0.5 Peptide y, 054 BSA F
] 0.4 1 ] ipi
0.4 f 0.4 PR K, (Kdo,-lipid A)
o3 E 0.3 ‘ E 031 B 200 X
5 ! ] 5 \ = 100 Peptide ycrq 12.46%5.8 pM
§ 02 ! \ g 021 _ K g 0.2 go
2 & 2 i 4.75+0.1
é 01l d \ é 011 § o4 Peptide g 5+0.1 uM
L !
o ol 0l? BSA ND
0 50 100 150 200 250 0 50 100 150 200 250 0 50 100 150 200 250
Time(s) Time(s) Time(s)

Fig 3. Discovery and functional definition of the lipid A loading pocket in MCR-1. (A) Protein structure of MCR-1 and close-up view of the LPS-binding
pocket at the linker domain. The catalytic domain, linker domain, and transmembrane domain are in cyan, magenta, and orange, respectively, with LPS is
shown as green sticks and salt bridges for interaction as red dashes. (B) Verification of the key residues in the lipid A binding cavity that interacts with lipid A.
To evaluate the influence of mutations upon colistin resistance activity of MCR-1, the colistin MICs of the E. coli trains carrying indicated MCR-1 mutants
were determined by agar dilution MICs tests. In addition, logarithmic phase cultures of target strains were applied to evaluate the permeability of the OM and
IM by NPN uptake assay and PI staining assay, respectively. (C) Evaluation of the correlation between membrane integrity and colistin resistance. p is
Spearman’s rank correlation coefficient. The related P value and regression line (blue) are shown. (D) Estimation of the free energy of binding between lipid A
and WT MCR-1 or M6. The results show that the M6 mutant has a lower binding free energy compared to WT, where the binding free energy was calculated
using the MM-GBSA for the last 200 ns trajectory after the protein-ligand complex reached equilibrium. (E, F) The affinity between lipid A substrate and linker
domain of MCR-1/M6 was determined by biolayer interferometry. The synthetic peptides derived from the linker domain of WT MCR-1 or M6 (named
peptide MCR-1 and peptide M6, respectively) were coated on the surface of streptavidin (SA) biosensors. Target peptides were bound to Kdo,-lipid A in series
of concentrations (150, 100, 50, 25, and 10 uM) with 300 s association and dissociation steps. Assays were performed in triplicate on an Octet Red384
(Sartorius). All the above-described experiments were performed 3 times with similar results. Error bars indicate standard errors of the means (SEMs) for 3
biological replicates. A two-tailed unpaired ¢ test was performed to determine the statistical significance of the data. ns, no significant difference; *, P < 0.1; **,
P < 0.01; %, P < 0.001; ****, P < 0.0001. The raw data underlying this figure can be found in S1 Data. IM, inner membrane; LPS, lipopolysaccharide; NPN, n-
phenyl-1-napthylamine; OM, outer membrane; PI, propidium iodide.

https://doi.org/10.1371/journal.pbio.3002433.g003
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mutations enhanced the binding affinity towards lipid A of MCR-1 and potentially resulted in
accumulation of modified lipid A on the bacterial IM.

Synthetic peptides derived from the M6 variant achieve broad-spectrum
activity

Inspired by previous research from Thomas and colleagues [40], we postulated that peptides
derived from the lipid A binding cavity of MCR-1 or M6 could have antimicrobial activity. To
investigate this, we designed two 24AA short peptides derived from the lipid A binding pocket
of WT MCR-1 and M6, termed 24AA-WT (KPLRSYVNPIMPIYSVGKLASIEY) and 24AA-
2M (KALRSYVNSIMPIYSVGKLASIEY), respectively. While peptide 24AA-WT showed no
antimicrobial activity, peptide 24AA-2M exhibited activity against E. coli ATCC 25922 and
maintained its activity during the first 6 h (Fig 4A). However, after 24 h, no difference in bacte-
rial viability occurred between 24AA-2M and 24AA-WT, indicating inactivation of the syn-
thetic peptide. To enhance the stability of the indicated peptide, we generated a derivative of
24AA-2M by adding a five-tryptophan (5W) tag at the C-terminus, named 19AA-2M-tag
(KALRSYVNSIMPIYSVGKLWWWWW), since such modification aimed to increase peptide
stability and protect against protease activity [41-44]. Promising results were obtained with
the 19AA-2M-tag, which showed potent activity against E. coli ATCC 25922 and maintained
its activity for at least 24 h. SEM revealed that both 19AA-2M-tag and 24AA-2M induced
severe OM shrinkage in E. coli (Fig 4B). Moreover, by labeling the both indicated peptides
with FITC fluorescent dye at the C-terminal, we found that the FITC signal was overlapped
with the signal of membrane specific dye FM4-64 (S14 Fig), which was in line with the previ-
ous observations of the antimicrobial peptides functioned by interacting with bacterial mem-
brane [45]. Importantly, 19AA-2M-tag treatment exhibited higher antimicrobial activity
compared to 24AA-2M-tag (Fig 4C and 4D), and no significant membrane lytic activity was
observed upon mouse red blood cells treated with 19AA-2M-tag, indicating that it might be a
promising antimicrobial peptide (S15 Fig).

We tested the susceptibility of 19AA-2M-tag against 3 Escherichia coli strains and clinically
relevant pathogens, including Pseudomonas aeruginosa, Salmonella Typhimurium, Klebsiella
pneumoniae, and Acinetobacter baumannii. The MICs of 92.5 to 370 uM were obtained against
these strains and the ICs, values were similar, ranging from 27.56 to 47.19 uM (Table 2 and
S16 Fig). These results suggested that 19AA-2M-tag, a peptide derived from the colistin resis-
tance gene, effectively combated antibiotic-resistant isolates. Interestingly, 19AA-2M-tag dis-
played synergetic activity with colistin (CT) against E. coli ATCC 25922 (FICI = 0.312) and a
carbapenem-resistant Enterobacteriaceae (CRE) strain collected from the clinic (FICI = 0.156,
S17 Fig). Moreover, the in vivo efficacy of the 19AA-2M-tag was demonstrated in mouse mod-
els of peritonitis against the E. coli ATCC 25922 and CRE clinical isolate. After 16 h of treat-
ment, 19AA-2M-tag significantly reduced the bacterial burden in both liver and spleen
compared to the untreated group (Fig 4E). Together, these results suggested that synthetic pep-
tides derived from the M6 represent a potential strategy to combat drug-resistant bacteria both
in vivo and in vitro.

Discussion

In this study, we identified an MCR-1 mutant harboring 2 point mutations within the linker
domain, causing significant disruptions in lipid A. Unlike MCR-1, the mutant protein confers
phenotypic co-resistance to B-lactam antibiotics while inducing severe lipid A perturbations.
This disorder eventually results in growth arrest, membrane permeabilization, and activation
of LDT's pathway. Moreover, we have identified a lipid A binding pocket that is critical for
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https://doi.org/10.1371/journal.pbio.3002433.g004

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002433 December 13, 2023

11/24


https://doi.org/10.1371/journal.pbio.3002433.g004
https://doi.org/10.1371/journal.pbio.3002433

PLOS BIOLOGY

A novel MCR-1 variant displaying co-resistance to B-lactams uncovers novel antimicrobial peptide

Table 2. 19AA-2M-tag exhibits broad-spectrum antibacterial activity.

Strains MICs (uM)
Escherichia coli BW25113 185
Escherichia coli MG1655 370
Escherichia coli ATCC 25922 370
Pseudomonas aeruginosa ATCC 27853 185
Salmonella enterica serovar Typhimurium SL1344 185
Klebsiella pneumoniae ATCC 13883 185
Acinetobacter baumannii ATCC 19606 185
A. baumannii clinical isolate 1 185
A. baumannii clinical isolate 2 185
E. coli CRE clinical isolate 1 92.5
K. pneumoniae CRKP clinical isolate 1 185
E. coli mcr-17 clinical isolate 1 370
E. coli mcr-17 clinical isolate 2 370

https://doi.org/10.1371/journal.phio.3002433.t002

colistin resistance and bacterial membrane integrity. The mutated pocket in M6 exhibited
enhanced affinity towards lipid A, potentially underpinning the B-lactams co-resistance phe-
notype. However, the most striking outcome of our research is that antimicrobial peptides
derived from MCR-1 protein itself provide a new strategy to combat drug resistance.

Of the 10 mcr gene variants (mcr-1 to mcr-10) identified to date [46,47], MCR-1 is consid-
ered the largest lineage with the highest prevalence, followed by MCR-3 [48,49]. Although a
two-step enzymatic hydrolysis has been proposed, the exact mechanism governing the interac-
tion between MCR-1 and lipid A remains unclear [50]. Recent research on an MCR-3 protein
isolated from Aeromonas hydrophila suggests that a linker region of 59 residues (Linker 59)
plays a crucial role in forming a phosphatidylethanolamine (PE) substrate-binding cavity and
governs the interaction with lipid A, which is exposed to the bacterial periplasm [51]. In con-
trast, this study revealed a distinct lipid A binding pocket within the cytoplasmic membrane.
Several lines of evidence support our hypothesis that the lipid A binding cavity of MCR-1 is sit-
uated within the linker domain. First, our previous work demonstrated that WT MCR-1
caused OM permeabilization, resulting in fitness costs for bacteria, particularly during the sta-
tionary growth phase. The increased OM permeability was directly related to the lipid A dis-
turbance induced by MCR-1 [31]. Here, we have identified the MCR-1 variant M6, which
causes unique phenotypic characteristics to bacteria, including growth retardation, up-regula-
tion in LDTs pathway, and co-resistance to B-lactams. The phenotypic co-resistance induced
by M6 was abolished by overexpressing LpxC, an enzyme responsible for the initial step of
lipid A synthesis. These findings expose a link between membrane lipid A perturbation and
phenotypic co-resistance induced by M6. Second, the location of the two-point mutations
within the linker domain instead of the catalytic domain suggests that the effects induced by
these mutations are not related with changes in the catalytic process. Third, combining MD
simulation with AlphaFold structural predictions, we have confirmed the presence of a lipid A
binding pocket within the linker domain of MCR-1. We also introduced mutations to interfere
the interplay between such pocket and lipid A. Expression of these mutated proteins demon-
strated a reduction in colistin resistance and restoration of bacterial membrane integrity.
Moreover, a strong correlation between the membrane permeability and colistin resistance
was observed among these mutants. Based on our observations, we propose an unusual “load-
ing-transferring” mode for this enzyme (S18 Fig). This mechanism involves several key steps:
during the first-half reaction, MCR-1 in apo state interacts with the PE donor in the outer
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https://doi.org/10.1371/journal.pbio.3002433.g005

leaflet of the IM, accepting a PEA group in the catalytic domain. This step transforms MCR-1
into an active state and prepares it for interactions with LPS. Subsequently, LPS binds to the
MCR-1 loading pocket within the linker domain, which is embedded in the lipid bilayer. Next,
LPS is transferred to the catalytic domain, which is exposed at the interface between the IM
and periplasm. During the second-half reaction, the PEA group from catalytic domain is
added to either the 1’- or 4’-phosphate group of LPS, forming PEA-LPS, which is then released
back into the IM. MCR-1 reverts to its apo state, ready for the next cycle of LPS modification.

We do not yet understand how MCR-1 impairs membrane integrity. It is well established
that the cytoplasmic membrane protein PbgA plays a crucial role in sensing LPS levels and
maintaining membrane LPS homeostasis [52]. Our research shown that MCR-1 expression
leads to an increase in PbgA levels, indicating an aberrant distribution of LPS in E. coli. Consis-
tently, a reduced level of LPS was observed in MCR-1 positive cells. We therefore concluded
that the expression of MCR-1 increased bacterial permeability by reducing cellular LPS, which
was enhanced by the expression of M6 and resulted in activation of LDTs pathway as well as
remodeling of PG layer (Fig 5). However, the precise molecular mechanism by which MCR-1
impacts LPS transport remains unknown.

There are still several other considerations arising from our study. First, our findings indi-
cate that severe membrane damage occurs by M6-induced activation of LDTs pathway, result-
ing in reduced susceptibility of E. coli to B-lactam antibiotics. Several studies have shown that
PG remodeling mediated by the LDT's pathway is associated with increased OM permeability
[36,39,53,54]. However, how M6 regulates this pathway merits further investigation. Second,
the amino acid sequence of the linker domain varies among the 10 known MCR variants (52
Fig). Different MCR variants exhibited varying levels of colistin resistance [55,56]. Our data
revealed that the catalytic domain of the MCR proteins is relatively well conserved among the
MCR families (S2 Fig), which strongly suggests that differences in the linker domain poten-
tially govern the diverse phenotypic polymyxin resistance, an idea that will require direct
experimental validation. Third, it appears that MCR-1 has pleiotropic effects and under
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colistin selection, the acquisition of mcr-1 guarantees a competitive advantage within bacterial
communities. However, in the absence of colistin, the lipid A binding pocket of MCR-1, which
disrupts membrane lipid A homeostasis, imposes a fitness cost on bacteria. Very recently, Pra-
mod and colleagues [57] represented evidence that LpxC mutations compensated for the costs
associated with MCR expression. Preexisting LpxC mutations in pathogenic E. coli can poten-
tiate the evolution of antibiotic resistance by mcr-1-bearing plasmid acquisition [58]. Given
the co-resistance phenotype conferred by the M6 mutant, this type of gain-of-function muta-
tion could be concerning in the clinical setting.

Antibiotic treatment has given rise to the emergence of drug-resistant bacteria. Addressing
the ongoing antibiotic crisis demands the development of newer strategies against drug-resis-
tant infections. In our study, we identified a promising antimicrobial peptide derived from the
drug resistance enzyme itself. Antimicrobial peptides (AMPs) are short peptides that tightly
bind to the LPS on the membrane surface of bacteria. Such feature aligns with the high speci-
ficity of the lipid A binding motif found in transmembrane proteins, facilitating crucial pro-
tein-substrate interactions. A recent study shown that a synthetic peptide derived from the
lipid A binding motif of PbgA displayed broad-spectrum antimicrobial activity [40]. More-
over, the introduction of an LPS binding motif into the C-terminus of temporin produces a
broad spectrum of antibacterial activity [59]. Our findings extend the repertoire of AMP-based
novel approaches to combat drug-resistant bacteria.

Materials and methods
Ethics statement

With the approval from Ethics Committee of Zhongshan School of Medicine on Laboratory
Animal Care (reference number: SYSU-IACUC-2022-B0031), Sun Yat-sen University, all the
animal experiments were conducted based on the standard of the National Institutes of Health
Guide for the Care and Use of Laboratory Animals.

Bacterial strains and growth conditions

The E. coli strains used in this research were ATCC 25922 and K-12 derivatives, including
BW25113 and DH5-a.. BW25113 cells were utilized to assay the influence of MCR-1 or M6
expression upon bacterial drug sensitivity, viability, and membrane permeability, while DH5-
o cells acted as a cloning host for plasmid construction. The ATCC 25922 strain was routinely
used to evaluate the in vitro bacteriostasis activity of synthetic peptides and murine in vivo
infection. In addition, Pseudomonas aeruginosa ATCC 27853, Salmonella enterica serovar
Typhimurium SL1344, Klebsiella pneumoniae ATCC 13883 as well as Acinetobacter baumannii
ATCC 19606 were also used to test the susceptibility towards 19AA-2M-tag. All the above
strains were cultivated in Luria-Bertani (LB) broth at 37°C, antibiotics and promoter inducers
were supplemented as follows when necessary: 100 ug/ml for ampicillin (AMP), 30 ug/ml for
chloramphenicol (CHL), and 0.2% arabinose. All the strains used in this study were listed in
S7 Table. For complete Materials and methods, see S1 Supplementary materials.

Supporting information

S1 Supplementary materials. Demonstration of Materials and methods in details.
(DOCX)

S1 Fig. Identification of isolates with reduced sensitivity towards B-lactam antibiotics
from the MCR-1 mutant library. (A) The schematic illustration shows the process of screen-
ing MCR-1 mutants with reduced susceptibility towards B-lactams. The variant library
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containing 171969 genotypes was cloned into the medium-copy plasmid pACYDuet-1 to gen-
erate the E. coli BW25113 strain pool. E. coli strains carrying WT MCR-1 or empty plasmid
were set as control. Logarithmic-phase cultures of the 3 strains were first induced with 0.2%
arabinose for 2 h, followed by plating on LB agar plates containing AMP, CAZ, IMP, SM, TET,
NAL, or VAN. All antibiotics were in the concentrations of 0.8x, 1x, 1.5x, and 2x MICs. After
incubation at 37°C for 16 h, the number of surviving bacilli was counted to evaluate antibiotic
susceptibility (B). It appears that certain MCR-1 variants exhibited reduced sensitivity to B-lac-
tam antibiotics. To confirm the sensitivity of f-lactam antibiotics among the 3 strains, a similar
process was performed, and well-induced cultures were plated on LB agar plates containing
CTX, FEP, CRO, ETP, MEM, or FOX. CFUs were counted after incubation at 37°C for 16 h
(C). Fifty colonies of the mcr-1 library in the background of E. coli BW25113 were selected
from the plates containing CAZ or AMP. For each isolate, the pACYCDuet-1 plasmid carrying
mcr-1 variants was extracted, followed by transformation into E. coli BW25113 electroporation
competent cells to eliminate influence caused by chromosomal mutation. Next, reconstructed
strains were subjected to agar dilution MICs test to verify susceptibility to CAZ, AMP, or FOX.
In addition, the mcr-1 genotypes of the target isolates were verified through Sanger sequenc-
ing. Both panels (B) and (C) were visualized with Prism 9 software. All the above-described
experiments were performed 3 times with similar results. Error bars indicate standard errors
of the means (SEMs) for 3 biological replicates. The raw data underlying this figure can be
found in S1 Data.

(PDF)

S2 Fig. Conservation of the protein structure of the MCR family. A surface representation
shows the conservation analysis calculated across 106 MCR family proteins, in which red rep-
resents low homologous positions and green represents high conservation. The linker region
and the mutated residues are shown in cartoon and sticky representations, respectively. The
protein structure was analyzed and plotted by PYMOL 2.6 software.

(PDF)

S3 Fig. Verification of the B-lactam antibiotic co-resistance rendered by M6. (A) Zone of
inhibition of E. coli BW25113 harboring empty plasmid, MCR-1 or M6 generated by disk dif-
fusion method. (B) Different levels of antibiotic sensitivity in E. coli expressing either wild-
type MCR-1, M6 or its single point mutants. The raw data underlying this figure can be found
in S1 Data.

(PDF)

$4 Fig. Co-resistance and membrane perturbation induced by native promoter-M6.
pACYCDuet-1 carrying MCR-1 or M6 under the regulation of the MCR-1 native promoter
(NP MCR-1 or NP M6) was generated. Overnight cultures were subcultured into fresh LB
broth at a ratio of 1:100. For the gene under the regulation of arabinose promoter, addition of
0.2% arabinose was required for protein expression induction. Logarithmic phase cultures
were collected for following assays. (A) The sensitivity of indicated strains towards CT and B-
lactam antibiotics (AMP, FOX, and CAZ) were evaluated by agar dilution MIC tests. Each tri-
angle represents an independent experiment. The experiments were performed 3 times with
similar results. NP, native promoter. (B) Efficiency of plating assays on LB agar plates contain-
ing 0.1% SDS and 1 mM EDTA. Ten-fold serial dilution of indicated cultures was inoculated
onto the agar plates. (C) The OM integrity of indicated strains was determined by measuring
NPN uptake. And the fluorescent signal for each sample was monitored with a microplate
reader at an excitation wavelength of 350 nm and emission wavelength of 420 nm after stain-
ing. (D, E) The IM permeability of indicated strains was evaluated by PI staining assay.
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Overnight cultures were subcultured into fresh LB broth at a ratio of 1:100. After cultivation
for 8 h, cultures were collected, respectively, followed by staining with PI dye for 15 min. The
PI-positive proportion was determined by flow cytometry and analyzed by Flow]Jo version 10
software. All the above-described experiments were performed thrice with similar results.
Error bars indicate standard errors of the means (SEM:s) for 3 biological replicates. A two-
tailed unpaired t test was performed to determine the statistical significance of the data. ns, no
significant difference; **, P < 0.01; ***, P < 0.001. The raw data underlying this figure can be
found in S1 Data.

(PDF)

S5 Fig. Expression of M6 inducing E. coli membrane shrinkage. (A) Representative periplasmic
GFP and cytoplasmic mCherry images of E. coli BW25113 cells expressing MCR-1 or M6 during
stationary stage. Shrinkage of the cytoplasm was evident by the bright periplasmic GFP signal. (B)
The percentage of cells exhibiting shrinkage at pole(s) was calculated. The graph was visualized
with Prism 9 software. All the above-described experiments were performed 3 times with similar
results. Error bars indicate standard errors of the means (SEMs) for 3 biological replicates. A two-
tailed unpaired t test was performed to determine the statistical significance of the data. **,

P < 0.01; ***, P < 0.001. The raw data underlying this figure can be found in S1 Data.

(PDF)

S6 Fig. Membrane voltage measured by genetically encoded sensor Vibac2. (A) The fluores-
cence ratio indicates the relative membrane voltage by using a genetically encoded voltage sen-
sor Vibac2, which is a double-channel fusion protein that emits green and red fluorescence.
The fluorescence intensity of GFP (Ig, Excitation = 488 nm, Emission = 512 nm) responds to
membrane voltage, and the mCherry intensity (Ir, Excitation = 561 nm, Emission = 610) is
used to normalize protein expression. Thus, the fluorescence ratio (Ig/Ir) indicates the relative
membrane voltage in E. coli cells. To evaluate the impact of MCR-1 or M6 expression on the
membrane voltage, a pPBAD24 plasmid with the gene encoding Vibac2 was transformed into
the indicated strains, and the fluorescence ratio (Ig/Ir) for each strain were measured and cal-
culated during logarithmic phase. For each strain, 300 isolates were analyzed. And the repre-
sentative GFP and mCherry images of BW25113 cells carrying empty plasmid, MCR-1 or M6
were represented as (B). The raw data underlying this figure can be found in S1 Data.

(PDF)

S7 Fig. Comprehensive proteome profiles of M6 using label-free quantitative proteomics.
(A) Venn diagram representing the differentially expressed proteins of E. coli BW25113 that
harbored empty vector (control), MCR-1 and M6 during the exponential phase with the
induction of 0.2% arabinose. (B) Top 20 pathways according to GO enrichment. The size and
color of the points represent the number of target proteins and the g-values, respectively. The
rich factor showed the enrichment degree in the GO pathway. (C) Visualization of the top
KEGG enrichment pathway in M6-expressing cells compared with MCR-1-expressing cells.
The up-regulated pathway is labeled in red, whereas the down-regulated pathway is labeled in
blue. (D) Protein-protein interaction (PPI) analysis of the peptidoglycan layer remodeling
pathway in M6 based on proteomics profiles, which were analyzed by STRING and visualized
with Cytoscape software. Two biological replicates for each strain were used for the analysis.
(PDF)

S8 Fig. B-Lactams and SDS susceptibility for LDTs-defective strains. To test the role of
LDTs in the M6-mediated phenotype, LdtD, PBP1B, or LpoB null strains carrying empty vec-
tor (control), WT MCR-1 or M6 were generated. (A) Antibiotic sensitivity of M6-expressing
cells and MCR-1-expressing cells in the presence of copper. Overnight cultures of indicated
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strains were subcultured into fresh LB broth with or without 3.75 mM CuSOy, at a ratio of
1:100 and induced with 0.2% arabinose for 2 h. Next, the logarithmic-phase cultures were col-
lected and adjusted to ODgqg = 0.6, followed by spotting serial dilutions on LB agar plates con-
taining CAZ or AMP, together with or without the addition of 3.75 mM CuSO,. MICs were
determined after incubation at 37°C for 16 h. Each triangle represents an independent experi-
ment. (B) Role of LDTs on B-lactam antibiotics susceptibility of M6. Overnight cultures of the
indicated strains were subcultured into fresh LB broth at a ratio of 1:100 and induced with
0.2% arabinose for 2 h. The logarithmic-phase cultures were collected and adjusted to ODgqg =
0.6, followed by spotting serial dilutions on LB agar plates with target antibiotics and incuba-
tion at 37°C for 16 h. Each triangle represents an independent experiment. The experiments
were performed 3 times with the same results. (C) Efficiency of plating assays on LB agar plates
containing 0.1% SDS and 1 mM EDTA or 0.001% SDS and 1 mM EDTA. Ten-fold serial dilu-
tion of indicated cultures was inoculated onto the agar plates. (D) mrcB deletion failed to
reverse the OM permeability defect caused by M6. NPN uptake is represented by the back-
ground subtracted fluorescence at an excitation wavelength of 350 nm and emission wave-
length of 420 nm. (E, F) mrcB deletion abolished M6-mediated IM integrity. The IM
permeability was evaluated by PI staining assay. Overnight cultures were subcultured into
fresh LB broth at a ratio of 1:100 and induced with 0.2% arabinose to express WT MCR-1 or
M6. After induction for 4 h and 8 h, stationary and late-stationary phase cultures were col-
lected, respectively, followed by staining with PI dye for 15 min. The PI-positive proportion
was determined by flow cytometry and analyzed by FlowJo version 10 software. Representative
results of 3 independent experiments are shown in (E). All the above-described experiments
were performed 3 times with similar results. Error bars indicate standard errors of the means
(SEMs) for 3 biological replicates. A two-tailed unpaired ¢ test was performed to determine the
statistical significance of the data. ns, no significant difference; *, P < 0.1; **, P < 0.01; ***,

P < 0.001. The raw data underlying this figure can be found in S1 Data.

(PDF)

S9 Fig. Spheroplasts LPS level perturbation of MCR-1 or M6-bearing E. coli. (A) Morphol-
ogy observation of spheroplasts for indicated strains. The shape of E. coli was changed from
rob-shape into ball-shape, representing successful generation of spheroplasts. (B, C) The IM
permeability of indicated spheroplasts was evaluated by PI staining assay. The well-prepared
spheroplasts were incubated with PI dye for 15 min. The PI-positive proportion was deter-
mined by flow cytometry and analyzed by Flow]Jo version 10 software. All the above-described
experiments were performed 3 times with similar results. Error bars indicate standard errors
of the means (SEMs) for 3 biological replicates. A two-tailed unpaired ¢ test was performed to
determine the statistical significance of the data. ns, no significant difference; *, P < 0.1; ****,
P < 0.0001. The raw data underlying this figure can be found in S1 Data.

(PDF)

$10 Fig. Cellular LPS level in spheroplasts and LpxC overexpressing strains. The cellular LPS
level in spheroplasts (A) or LpxC overexpressing strains (B) harboring empty plasmid, MCR-1 or
M6 were determined by western blot. Error bars indicate standard errors of the means (SEM) for
triple biological replicates. A two-tailed unpaired ¢ test was performed to determine the statistical
significance of the data. *, P < 0.1; **, P < 0.01; ***, P < 0.001. The bar graph was visualized with
Prism 9 software. The raw data underlying this figure can be found in S1 Data.

(PDF)

S11 Fig. Necessity of P188-P195 segment for MCR-1 activity. (A) Deletion of the region that
includes P188-P195. E. coli BW25113 carrying AP188-P195 was generated, and the
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susceptibility towards colistin (CT) and B-lactam antibiotics (AMP, FOX and CAZ) were eval-
uated by agar dilution MIC tests (B). The experiments were performed 3 times with the same
results. (C) Efficiency of plating assays on LB agar plates containing 1% SDS and 1 mM EDTA
or 0.001% SDS and 1 mM EDTA. Ten-fold serial dilution of indicated cultures was inoculated
onto the agar plates. The raw data underlying this figure can be found in S1 Data.

(PDF)

$12 Fig. Mutations of essential regions for forming the lipid A binding cavity. The close-up
view shows the MCR-1 lipid A binding cavity with LPS and the 4 regions responsible for
anchoring LPS. The linker domain and transmembrane domain are in magenta and orange,
respectively. LPS binding with MCR-1 is represented as a stick mode and colored in green.
The salt bridges for the interaction with LPS are shown in red. The change in structure with
mutated residues in each region is shown in detail.

(PDF)

$13 Fig. Impact of P188A+P195S mutations upon lipid A binding pocket. (A) Represents
the RMSD fluctuations for WT and M6 of MCR1-lipid A. The variations in MCR-1
MM-GBSA binding energy with WT and M6 during the MD trajectories are shown in (B). (C,
D) The statistics for the observed molecular interactions between lipid A and MCR-1 over the
simulated trajectories of WT and the M6 mutant (the last 200-ns trajectories used for binding
free energy calculations). (E) Quantification of lipid A with or without the modification of
phosphoethanolamine (PEA). The bar graph represented the abundance of modified lipid A
and unmodified lipid A extracted from the whole cells and spheroplasts of E. coli BW25113
expressing MCR-1 or M6, which was determined by MALDI-TOF. The experiments were per-
formed 3 times with similar results. The raw data underlying this figure can be found in

S1 Data.

(PDF)

$14 Fig. Localization of FITC-labeled peptides in E. coli ATCC 25922. Logarithmic phase
culture of E. coli ATCC 25922 was collected and stained by FM4-64 (red) and DAPI (cyan) to
indicate the localization of bacterial membrane as well as cytoplasmic chromosome. The well-
stained culture was subsequently treated with FITC-labeled 24AA-2M and 19AA-2M-tag in
the concentrations of 0.05x and 0.1x MICs (18.5 uM and 37.0 uM), respectively. After washing
with 1x PBS, the localization of the FITC signal were determined by observation with fluores-
cent microscope.

(PDF)

S15 Fig. Permeabilization of synthetic peptides on mouse blood cells. To identify the cyto-
toxicity of 24AA-2M and 19AA-2M-tag, the cell permeabilizing effects of the indicated pep-
tides on mouse blood cells were determined by an LDH-based TOX-7 kit (Sigma). Fresh
healthy mouse blood was treated with the above peptides in the concentrations of 46.25, 92.5,
185, or 370 uM. LDH activity was evaluated to determine LDH released from mousse cells.
Error bars indicate standard errors of the means (SEMs) for 3 biological replicates. A two-
tailed unpaired ¢ test was performed to determine the statistical significance of the data. ns, no
significant difference; *, P < 0.1; **, P < 0.01. The bar graph was visualized with Prism 9 soft-
ware. N.D., not detected. The raw data underlying this figure can be found in S1 Data.

(PDF)

$16 Fig. Inhibitory rate of 19AA-2M-tag among gram-negative strains. By treating E. coli
ATCC 25922, P. aeruginosa ATCC 27853, S. Typhimurium SL1344, K. pneumonic ATCC
13883, and A. baumanii ATCC 19606 with 19AA-2M-tag in a series of concentrations, dose-
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response curves were generated. The in vitro inhibitory rate and IC5, value of various strains
treated with 19AA-2M-tag are presented. The raw data underlying this figure can be found in
S1 Data.

(PDF)

$17 Fig. Synergistic inhibition of E. coli growth by 19A A-2M-tag and colistin. (A) E. coli
ATCC 25922 and a carbapenem-resistant E. coli isolated in the clinic were used to test the effi-
cacy of a drug combination consisting of 19AA-2M-tag and colistin through a checkerboard
assay. A total of 1 x 10® CFUs of the indicated strains were inoculated at initiation (T0), fol-
lowed by treatment with drug combinations in a series of concentrations at 37°C for 16 h
(Tn). The ODggo was measured before and after the treatment. The graphs show the value of
ODggo o minus the ODgg 1 of each well for both strains. A color gradient heat map, with hot
(red: ODgpp = 0) to cool (blue: ODggo = 0.5) colors, indicates low to high values. The synergetic
effect was further determined by calculating the FICI. (B) Shows the inhibition curves of colis-
tin with (red) or without (blue) the addition of 19AA-2M-tag. The dose-response curves of E.
coli ATCC 25922 were generated by measuring the inhibitory rate after treatment with colistin
in a series of concentrations, with or without co-treatment with 92.5 uM 19AA-2M-tag. The
raw data underlying this figure can be found in S1 Data.

(PDF)

S18 Fig. The “loading-transferring” mode of MCR-1. LPS modification mediated by MCR-1
might be guaranteed by a two-step process, which requires the LPS substrate to be loaded into
binding pocket and transferred to the catalytic domain. During the first-half reaction, the Apo
state MCR-1 interacts with the PE donor at the outer leaflet of the IM and accepts a PEA group
in the catalytic domain, transforming into the active state to interact with LPS. Next, LPS
binds with the MCR-1 loading cavity at the linker domain, which is inserted into the lipid
bilayer, followed by transfer to the catalytic domain exposed at the interface between the IM
and periplasm. During the second-half reaction, the PEA group at the catalytic domain was
added to the 1'- or 4’-phosphate group of LPS to form PEA-LPS, which was then released back
into the IM, and MCR-1 switched to the Apo state again.

(PDF)

$19 Fig. Plasmid maps of pACYC-Para-MCR-1 and pACYC-NP-MCR-1. The plasmid for
expressing MCR-1 or M6 under the regulation of arabinose promoter was shown as (A), and
the one for expressing target proteins under the regulation of MCR-1 native promoter was
shown as (B). The elements in each plasmid were as followed: CmR = chloramphenicol acetyl-
transferase; p15A ori = the medium-copy-number p15A origin of replication; T7

terminator = transcription terminator for bacteriophage T7 RNA polymerase; araC = gene
encoding L-arabinose regulatory protein; araBAD promoter = promoter of the L-arabinose
operon; MCR-1 native promoter = the native promoter of mcr-1 gene amplified from clinically
collected mcr-1" strain; WT MCR-1/M6 = the gene encoding WT MCR-1 or M6.

(PDF)

$20 Fig. Analysis of the molecular dynamic simulation and binding energy. Molecular
dynamic stimulation was utilized to discover the potential LPS binding cavity on the surface of
MCR-1, and the workflow was designed as shown in (A). Structural comparison within lipid A
(PDB code: 5IJD) and its analogues: Eritoran (PDB code: 2Z65) and Palmitoyllpid A (PDB
code: 7BGL) are shown in (B). (C) The potential lipid A binding site on the surface of MCR-1
was discovered by SiteMap of Maestro. (D) Shows the RMSD fluctuations for multiple trajec-
tories of MCR1-lipid A.

(PDF)
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S1 Table. Concentrations of antibiotics used for screening the MCR-1 library.
(PDF)

$2 Table. Concentrations of p-lactam antibiotics used for screening the MCR-1 library.
(PDF)

§3 Table. Verification of MCR-1 isolates through Sanger sequencing.
(PDF)

$4 Table. Differentially expressed proteins between E. coli BW25113 carrying M6 and WT
MCR-1.
(PDF)

S5 Table. The significantly enriched GO terms of differentially expressed proteins between
E. coli BW25113 carrying WT MCR-1 and M6é.
(PDF)

S6 Table. The KEGG pathways map of differentially expressed proteins between E. coli
BW25113 carrying WT MCR-1 and M6.
(PDF)

S7 Table. Bacterial strains used in this study.
(PDF)

S8 Table. Plasmids used in this study.
(PDF)

S9 Table. Primers used in this study.
(PDF)

$10 Table. Synthetic peptides used in this study.
(PDF)

S1 Data. Raw data underlines the results in this research.
(XLSX)

S1 Raw images. Raw images of western blot analysis performed in the research.
(DOCX)

S1 Supplementary PDB file. The predicted complex structure of MCR-1 and Lipid A. The
PDB file reveals the structure of MCR-1-lipid A complex. The catalytic domain, linker domain,
and transmembrane domain are in cyan, magenta, and orange, respectively, with LPS is shown
as green sticks.

(PDB)
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