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ABSTRACT: Colistin, an antibiotic, has become a last-resort therapy for serious infections caused by Antimicrobial
Resistance (AMR) diseases during the last decade. The positively charged colistin coupled to the negatively charged lipid
A can rupture the outer cell membrane of Gram-negative bacteria. However, the presence of a mobile colistin resistance
gene (mcr gene) in Enterobacteriaceae has resulted in colistin resistance. MCR function transfers phosphoethanolamine
(PEA) of phosphatidylethanolamine (PE) to lipid A, neutralizing its negative charge and preventing the binding of
positively charged colistin. Currently, mcr isoforms varied from mcr-1 to mcr-10 have been discovered in environmental
and clinical isolates, but only the three-dimensional structures of the catalytic portion of two MCR proteins, MCR-1 and
MCR-2, were crystallized. Full-length MCR protein structures may be necessary for understanding MCR function and
developing inhibitors; therefore, the structures of MCR-1 to 10 proteins were predicted by novel accurate protein
prediction utilizing Deep Learning (RoseTTAFold). Based on multiple-sequence alignment and superposition on all
MCR protein structures, there are six conserved residues at the active site, HIS', HIS?, HIS®, ASE GLU, and THR.
Tunnel analysis was utilized to determine the possible routes for substrate PE entering into MCR proteins. Among the
four substrate-binding paths to the MCR active site (tunnels 1-4), PE preferentially binds at the active site via tunnel 1.
This discovery not only anticipates PE as a substrate-binding to MCR protein, but it might also be beneficial for guiding

MCR inhibitors.
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INTRODUCTION

Antimicrobial resistance (AMR) is one of the world-
wide public health problems. By 2050, AMR infection
could lead to more than 10 million deaths annually
(World Health Organization, 2019). Especially, AMR
was found to be particularly common in bacteria that
can cause infections in humans and animals [1]. How-
ever, it takes a decade to produce a new drug to
tackle resistant bacterial strains [2]. Over the past
decade, colistin has been regarded as one of the few
antibiotics to exhibit significant efficacy against Gram-
negative bacteria; then, it has become a last-resort
treatment for acute AMR infection [3]. Because of
its crucial role as the last line of defense in treating
diseases caused by resistant pathogenic organisms, the
widespread of colistin resistance among bacteria has
recently gained extensive attention [4]. Typically, the
Gram-negative bacteria’s outer cell membrane can be
disrupted by the positively charged colistin linked to
the negatively charged lipid A [5]. Colistin binds
to lipid A of lipopolysaccharides (LPSs) by replacing
calcium and magnesium from Gram-negative bacteria’s
outer cell membrane, causing cell membrane perme-
ability changes and cell content leakage [1]. However,

the existence of a mobile colistin resistance gene (mcr
gene) in Enterobacteriaceae can cause colistin resis-
tance [6]. It has been reported that MCR protein,
which was encoded by mcr gene, works as a phos-
phoethanolamine (PEA) transfer reaction to lipid A on
the Gram-negative bacterial outer membrane [7], neu-
tralizing the bacterial membrane’s negative charge and
reducing colistin binding [8]. The presence of modified
lipid A reduces colistin affinity, making the antibiotic
ineffective and causing bacteria resistance [9].

Up to date, there are ten different versions of
the mcr gene (mcr-1 to mcr-10) found in bacteria
from various sources, including humans, animals, and
the environment [10, 11]; however, only the catalytic
domains of MCR-1 and MCR-2 have been reported in
the PDB databank. The full-length crystal structure
of lipid A phosphoethanolamine transferase (EptA),
which belongs to the same protein family as MCRs,
suggested that the transmembrane domain is also
needed for PEA hydrolysis [12]. Herein, we aimed
to predict the full-length protein structures of MCR-
1 to 10 utilizing RoseTTAFold on the Robetta server,
a revolutionary deep learning algorithm technique for
getting more accurate structure prediction [13]. All of
the ten MCR structures (MCR-1 to 10) were examined,
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emphasizing conserved active site residues to iden-
tify critical residues for MCR activity. Furthermore,
the tunnels through the MCR active site were stud-
ied by the geometry-based tunnel prediction program
CAVER 3.03, while the binding of substrate phos-
phatidylethanolamine (PE) was predicted by molecu-
lar docking.

MATERIALS AND METHODS
Structure prediction of MCR-1 to 10

MCR protein sequences of MCR-1 (WP 049589868),
MCR-2 (WP 065419574), MCR-3 (WP 039026394),
MCR-4 (WP 099156046), MCR-5 (WP 053821788),
MCR-6 (ASK49942), MCR-7 (WP 104009851), MCR-
8 (AVX52225), MCR-9 (WP 001572373), and MCR-10
(WP 023332837) obtained from the National Center
for Biotechnology Information (NCBI) were employed
for an investigation of their three dimensional (3D)
structures. The ClustalW was used to examine the mul-
tiple sequence alignment (MSA) of all MCR variants
on GenomeNET (https://www.genome.jp), while their
identity percentage was calculated by BLASTp [14].
MSA of homologous proteins was displayed by ES-
Pript, a well-known sequence alignment renderer [15].
RoseTTAfold on the Robetta server [13] was used to
generate molecular models of the ten MCR proteins.
The top five scoring models for each prediction run
were generated. The top five scoring models were all
similar, the only difference being the low-confidence
and likely unfolded portions were found at the pro-
teins’ extreme N- and C-termini. Thus, the top-scoring
predicted protein structure was then chosen. The
ChimeraX tool displayed mapping sequence conserva-
tion onto MCR structures [16]. The Zn binding site
was predicted using the Metal Ion-Binding site pre-
diction (MIB) (https://bioinfo.cmu.edu.tw/MIB) [17].
Because the Zn ion location was discovered to be in the
same place as the MCR-1 crystal structure, the Zn ions
were added to all MCR variations by superposition with
the MCR-1 catalytic domain (PDB ID: 5LRN) [18].

Computational analysis of MCR tunnels

The tunnels allow tiny molecules, ions, and water
solvents to move through a wide range of proteins.
Using the geometry-based tunnel prediction program
CAVER 3.03 [19], the tunnels have been postulated
as paths for substrate migration and putative inhibitor
pathways in MCR. The radius of the CAVER settings
was set to their default values, and the binding site was
chosen as the beginning point. For all identified tun-
nels heading to the active site, the bottleneck radius re-
ferring to the maximal probe size of the narrowest part
of the tunnel [20] was analyzed and compared. Note
that the transport of small molecules to the binding
pocket cannot be taken place through the tunnel with
a relatively narrow bottleneck radius. Additionally,
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ChimeraX [16] were used to create the visualization
of their tunnel.

Molecular docking of PE substrate

The 3D structure MCR  substrate, phos-
phatidylethanolamine (PE), retrieved from the
ZINC database [21] (ZINC32837869) [22], was
randomly docked into the prepared MCRs using the
SwissDock server [23]. The missing hydrogen atoms
of protein and ligand were added by the Chimera 1.16
program [24]. The blind docking simulation was used
to determine all possible PE binding on MCR protein.
The intermolecular interaction of the docked PE-MCR
complex with the lowest binding free energy was
characterized using the LigPlot* v.2.2.5 program [25].
In addition, ChimeraX was utilized to construct all 3D
structures of MCRs with and without PE bound.

RESULTS AND DISCUSSION
Modeled structures of MCRs

Since the report of mcr-1 discovery in November
2015 [26], multiple variations of the gene have been
identified, including mcr-1, mcr-2, mer-3, mcer-4, mcr-
5, mer-6, mcr-7, mcr-8, mcr-9, and mcr-10. The
most recently identified mcr gene, the mcr-10, was
discovered in 2020 [27]. Multiple sequence alignment
(MSA) were used to examine their relationships. The
supplemental Fig. S1 shows the percentage of identity
when comparing all ten MCR protein sequences in
a range of 33.0-87.9. MCR-2 and MCR-6 have the
highest percent identity in protein sequence (87.9%),
whereas MCR-1 and MCR-2 have an 81.3% identical
relationship. Apart from MCR-1 and MCR-6, which
have 82.8% identity, MCR-1, MCR-2, and MCR-6 have
the highest protein sequence similarity; and MCR-9
and MCR-10 matched 82.9% of identity. The relation-
ships of MCR-3 with MCR-7, MCR-9, and MCR-10 are
71.6, 64.7, and 62.1%, respectively. While MCR-4,
MCR-5, and MCR-8 have less than 50% identification
with the other MCR types.

From the MSA results for transmembrane and
periplasmic domains of the ten studied MCRs (Fig. S2
and Fig. S3), the conserved consensus residue was
more concentrated in the periplasmic domain (see also
the superimposed MCR structures in Fig. 1A). The 3D
structures of all obtained models were well aligned
with the full-length X-ray structure of EptA with sub-
stantially conserved PH2 and PH2’ as a periplasmic-
facing domain which played an important role in
substrate binding (Fig. S4A) [12]. In particular, the
active site residues were located in the same place
and were preserved entirely in all MCRs and EptA, as
shown in Fig. 1B and Fig. S4A. There are six conserved
residues: HIS!, HIS?, HIS®, ASB GLU, and THR. By
using the Metal Ion-Binding site prediction (MIB) [17],
the Zn ions were predicted to be coordinated with
these conserved residues (Fig. 2A) in good agreement


http://www.scienceasia.org/
https://www.genome.jp
https://bioinfo.cmu.edu.tw/MIB
www.scienceasia.org

ScienceAsia 49 (2023)

(A) Full-length MCR protein structures

Periplasmic domain

Transmembrane
domain

Conservation

-1.70 0.5 1.79

(B) Active site of MCR-1 to 10

MCR-1 to 10

HIst HIS3 ASP GLU THR
MCR-1| 478 395 466 465 246 285
MCR-2 | 476 393 464 463 244 283
MCR-3 | 463 380 451 450 238 277
MCR-4 | 465 382 453 452 240 278
MCR-5 | 471 389 459 458 248 286
MCR-6 | 476 393 464 463 244 283
MCR-7 | 461 378 449 448 236 275
MCR-8 | 471 388 459 458 243 282
MCR-9 | 463 380 451 450 238 277

MCR-10| 463 380 451 450 238 277

Fig. 1 (A) Superimposition of MCR protein structures mod-
elled by RoseTTAfold [13], while their consensus conserved
residues among the ten MCRs (MCR-1 to 10) with 100%
and 70% identity are shaded by red and yellow, respectively.
(B) The six conserved residues located in the MCR active site
are listed below.

with the crystallographic structures of the MCR-1 and
MCR-2 periplasmic domain [18, 28] (Fig. 2B). The site-
directed mutagenesis-based assay on these six residues
critical for the activity of MCR-1 (E246, T285, H395,
D465, H466, and H478) and MCR-2 (E244, T283,
H393, D463, H464, and H476) suggested essential
functions in the maintenance of MCR-1 and MCR-2’s
biochemical mechanism and colistin-resistant pheno-
type [8,29-31]. Furthermore, these residues were in
a putative zinc-binding/catalytic motif on MCR-1 and
MCR-2 [18,28]. Consistent with our findings, the
six conserved residues may play an essential role in
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(A) Predicted Zn?* binding at the active site

E246, H466

H466, E468

E246, H466

0.81 0.77 0.75
H464, E466  H393, H464  E244,H464  E244,H464 E244, H464
0.95 0.89 0.88 0.83 0.74
E238, H451 D450, H463  H451, E453
0.97 0.80 0.68
H453, E455  E240, H453  E240, H453
0.98 0.88 0.71
E248, H459  E248, H459  H459, E481  E248, H459
0.90 0.80 0.78 0.77
H464, E466  H464, E486  E244, H464
0.83 0.75 0.71
H449, E451  E236, H449 D448, H461
0.84 0.74 0.67
H459, E461  E243, H459  H459, E461
0.84 0.69 0.66
E238, D321  E238, H451  H451, E453
SCORE 0.86 0.80 0.79

(VIezBl) E238, H451
SCORE

E238, H451

(B) Location of Zn?* binding to MCR-1 and MCR-2

Predicted Zn?* in MCR-1 model Predicted Zn?* in MCR-2 model

- N
A HaTe o lEELS Ha76 W/
‘ Q
H395 H393
H466
Lo p s‘ ., / ,
‘ T285r = 2 T E24

6 0.89
\ D465 o075, \‘ KD463 0.74 )

Crystalized Zn?* in MCR-1

(3

Crystalized Zn?* in MCR-2

PDB id: 5Irn, 5Irm

PDB id: 5mx9, 6sut,

Fig. 2 (A) Zn-ion binding at the active site of modelled MCRs
resulted from the MIB server [17]. (B) The Zn?" ions bound
to the active site of MCR-1 and MCR2 crystal structures where
the score for metal-binding position is shown in the green box
[18,28]

the MCR family’s activity. Notably, the well-aligned
3D structures of the periplasmic domain between our
predicted models and the crystal structures of MCR-
1 and MCR-2 with RMSD of 0.933 A and 0.936 A,
respectively, were depicted in Fig. S5.

Protein tunnels

Tunnel analysis was utilized to determine the possible
routes for ligand entry into MCR proteins. To quantify
the tunnel, the radius of the tunnel leading to the
binding pocket in the MCR structures was calculated
using the Caver 3.0 software, which is widely used
for the identification and characterization of transport
pathways in macromolecular structures [19]. All possi-

www.scienceasia.org


http://www.scienceasia.org/
www.scienceasia.org

172 ScienceAsia 49 (2023)

(A) Possible tunnels

Transmembrane domain
| Periplasmic domain

Tunnel 1 © Tunnel 2 @ Tunnel 3 ® Tunnel 4
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©

[+4
%)
=
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MCR-1 -
MCR-2-®
MCR-3
MCR-4
MCR-5
MCR-6- @
©v MCR-7

MCR-2*
MCR-9 1
MCR-10

MCR-1*

MCR-1/MCR-2 MCR-1to 10 *
X-ray structures Model structures

DB databank

(B) Tunnel 1-lining residues

MCR-1 | MCR-2 | MCR-3 | MCR-4 | MCR-5 | MCR-6 | MCR-7 | MCR-8 | MCR-9 |MCR-10

V87 V87 V84
T88
Fo3 Fo1 F o7 Fo1 A86 F92 s88 A88
Yo7 Y95 Y 101 Y90 Y92
T99 T97 V95 V 103 To7 V92 Vo4 Vo4
Y101 Y99 Fo7 Y99 Fo4 F96 F96
T104 T102 G100 | A 108 s97 S99
M105 | M103 | M100 M101 | M 109 | M103 M8 M104 | M100 | M100
1106 1104 L110 L104 1101
Q107 Q105 Q105 Q106 E102
N108 N106 N103 N104 | N112 N106 | N101 N107 N103 N103
A109 A107 1104 T105 | L 113 | A107 1102 F108 1104 1104
L110 M108 F106 | M 114 | L108 1105
Q109 Q109 E110 E106
T112 T110 T107 T108 T116 T110 T105 Ti11 T107 T107
D111 D 117 | D11
E116 E114 E111 | 112GLU| E 120 E114 E115 E111 E111
T117 S115 A112 A3 | A121 S115 A110 L116 A112 A112
1113 S 122
1120 L118 Y115 Y116 L124 L118 Y113 Y119 Y115 Y115
M119 L 125 | M119 L120
F123 1120
Y194
E244 E244 E243 E238
T239
T275 T276 | T 284 T273 T280 T275 T275

5284 5282 A276 A277 D 285 S282 A274 A281 A276 A276
T283 T277 T278 T 286 T283 T275 T282 T277 T277
A284 A278 A279 A 287 A284 A276 A283 A278 A278

Y285
N327 N327 N326 D321
$328 S328
K331 K331 K331 K325
H395 H393 H380 | H382 | H 389 | H393 H378 H388 H380 H380
G396 | G394 G381 G383 | G390 | G394 | R379 G381
P397 P395 P 391 | P395 P380 P382
D450 D450
H464 H451 H464 H459 H451
L477 L475 L464 L 470 | L475 L460 L470 1462 L462
H478 H476 H463 | H465 H471 H476 H461 H471 H463 H463
G479 G464 G466 | G 472 | G477 G462 G472 G464 G464
A467 1473 T463 T465
A278
G381

Fig. 3 (A) Possible tunnels of MCR-1/MCR-2’s X-ray structures and the full-length MCRs calculated by CAVER 3.0 where their
bottleneck radii are given in the scatter plot compared to those of the crystal structures of the MCR-1 (PDB id: 5LRN [32],
5LRM [32], 5GRR [33], 5K4P [34], 5YLC [35], 5YLE [35], 5YLF [35], 5ZJV [39], 6LI4 [36] and 6LI5 [36]) and MCR-2 (PDB
id: 5MX9 [28], 6A7W [37] and 6SUT [38] periplasmic domain. (B) Comparison of tunnel-lining residues on tunnel 1 among
the ten MCR variants (residues within the 3.0 A distance from the tunnel). The tunnel 1-lining residues found in the MCR-1
and MCR-2 crystal structures [28, 32,37, 38] are underlined.
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Best pose on
Tunnel 1
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Best pose on
Tunnel 1

v
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-
M 1007

Tunnel 1 © Tunnel 2 " Tunnel 3 MTunnel 4

M Binding free energy (kcal/mol)

Fig. 4 The percentage of PE substrate binding to the tunnels 1 to 4 with the best docked pose on the tunnel 1 retrieved by
blind docking simulation on the ten MCR models using the SwissDock server [23], where the substrate-protein interactions

are depicted in Fig. 5.

ble routes for ligand access to the binding site of the ten
MCR proteins were illustrated in Fig. 3A. Four different
routes were predicted for ligand access to the MCR
protein (tunnels 1 to 4), each of which clearly showed
a separate track heading to the active site. Each tunnel
has an independent bottleneck radius providing the
tunnel’s narrowest point. The ligand access from a bulk
solution to the protein’s active site is more favorable
in the tunnel with a large bottleneck radius. On the
other hand, the relatively small radius could prevent
the ligand access to the binding pocket. The scatter
plot of bottleneck radii of tunnels revealed that tunnel
1 had the most extensive bottleneck radius in all MCRs
except for MCR-5. The bottleneck radius in tunnel 1
was 1.60, 1.55, 1.25, 1.36,0.97, 1.69, 1.10, 1.02, 1.06,
and 1.33 A for MCR-1 to 10, respectively, which can be
enlarged to 2.57 and 2.63 A in the crystal structures
of MCR-1 and MCR-2 without transmembrane domain
[28,32-39]. In addition, only tunnel 1 was found
in the X-ray structures of MCR-1, MCR-2 and EptA
periplasmic domains, while six tunnels were detected
in the full-length EptA structure (Fig. 3A and Fig. S4B).
Among them, the tunnel 1 with the largest tunnel radii

and shortest length could serve as the most probable
substrate binding pathway.

The tunnel-lining residues on tunnel 1 for the
ligand-binding route traveled through the crucial
His' /His? active site residues shared several conserved
residues in all MCR types as follows: M105, N109,
T112, H395 (His'), and H478 (His®) with residue
number according to MCR-1 in Fig. 3B. Some tunnel 1-
lining residues were also found in the crystal structures
of MCR-1 (S284, H395, G396, H478, and G479) and
MCR-2 (E244, S282, T283, N327, S328, K331, H393,
G394, P395, H464, 1475, and H476) [28, 37, 38].

PE substrate binding to MCRs

The PE substrate binding to MCRs was studied by blind
docking simulation using the SwissDock server [23].
The percentage of PE substrate binding to the four
tunnels and the PE conformation with the highest
binding affinity at tunnel 1 were shown in Fig. 4. It
can be seen that the majority of PE were situated on
the tunnel 1 close to the active site of MCR-1 (75.39%),
MCR-2 (75.39%), MCR-5 (93.75%), MCR-7 (91.02%),
MCR-8 (94.14%), and MCR-9 (69.14%). Although
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Hydrophobic contacts

%, Hydrogen bonding

Corresponding atoms
involved in hydrophobic

contact(s)

@—@ Non-ligand bond

e—e ligand bond

Fig. 5 2D diagram of substrate-protein interactions in the PE-MCRs complexes computed by LigPlot* 2.2.5.

the possibility of PE binding to this tunnel of MCR-3,
MCR-4, and MCR-6 was less than 40%, no poses were
identified on any other tunnel. For MCR-10, PE was
found at the tunnels 1 (12.89%), 3 (12.89%) and 4

(6.64%).

The binding free energy of the best PE docked pose

www.scienceasia.org

in tunnel 1 ranged from —8.11 to —11.37 kcal/mol for
all studied MCRs (Fig. 4). In tunnel 1, the PEA group of
PE was likely accommodated in almost the same pocket
close to the active site in the periplasmic domain, while

the long-chain fatty acid laid on the transmembrane

domain. As expected, PE could bind with MCRs mainly
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through hydrophobic contacts, while a hydrogen bond
stabilized the hydrophilic group in MCR-1, MCR-2,
MCR-9, and MCR-10 (Fig.5). The PE headgroup
was bound to PH2/PH2’ helices (residues 100-112)
consistent with the previous molecular dynamics study
on EptA [12]. Interestingly, the PEA group of PE
showed interactions with the critical residues H395
in MCR-1, H393/H476 in MCR-2, and H463 in MCR-
9. The alanine scanning site-direct mutagenesis of
MCR-1 and MCR-2 on the active site residues using
colistin susceptibility assays revealed that replacing
the conserved H395/H393 and His478/H476 might
lower colistin MIC to basal values [31,40,41]. These
two MCRs have specified the genetic necessity for
a substrate-binding/catalytic domain. Our findings
might reflect that His' and His? were vital residues
for PE binding in MCRs. The obtained results well
agreed with the docked PE/EptA structure (Fig. S7),
in which the majority and the best pose of PE binding
were situated on tunnel 1 with a similar orientation
and binding affinity (—10.16 kcal/mol). Hydrophobic
contacts and hydrogen bond interactions could support
the PE binding, especially with the crucial residues
H465 and H383. However, the structural dynamics
are generally required for ligand access to the binding
pocket [42-44], i.e., the substrate could bind deeper
and interact better into the active site.

CONCLUSION

After discovering ten mcr genes (mcr-1 to 10), only
a few MCR types’ three-dimensional structures have
been reported in the PDB database. The modeled full-
length MCRs resulting from RoseTTAfold are likely sim-
ilar to their homolog EptA full-length crystal structure.
Such structural data of full-length MCRs could provide
a better understanding of catalytic activity than the
existing crystal structures and sequence information.
Understanding their molecular structures might aid in
designing and discovering the inhibitors. Our findings
demonstrate that among MCRs, the conserved residues
are likely found in the catalytic domain. These residues
may be significant in the action of the MCRs family.
Four tunnels leading to MCR’s active site were dis-
covered for possible PE substrate entering. The most
extensive bottleneck radius was obtained in tunnel 1,
where the tunnel 1-lining residues were identified in
many studies as crucial for substrate binding. The
tunnel 1-lining residues for the ligand-binding route
shared many conserved residues in all the MCR types
and the EptA as they flowed through the critical active
site residues. It was consistent with the docking results
of most MCRs that the PE docked structures were likely
in the located tunnel 1. Its PEA group was posed in
the catalytic domain, while the long-chain fatty acid
was situated in the transmembrane region. These
findings suggest the pathway for substrate binding on
MCRs protein, which could be helpful for future MCR

175

inhibitor research.

Appendix A. Supplementary data

Supplementary data associated with this article can be
found at http://dx.doi.org/10.2306/scienceasial513-1874.
2022.152.
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Appendix A. Supplementary data

S1

MCR-8 | 337 328 438 400 370 338 422
MCRO | 363 339 647 432 334 335 625 4438
MCR-10 | 363 346 621 447 366 342 509 434 829
MCR-1 | MCR-2 | MCR-3 | MCR-4 | MCR-5 | MCR-6 | MCR-7 | MCR-8 | MCR-9 | MCR-10

Fig. S1 Percentage identity matrix for protein sequence alignments for all the ten MCR proteins.

MSA for transmembrane domain
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Fig. S2 Multiple sequence alignment (
consensus residues.

MSA) of MCR-1 to 10 proteins on the transmembrane domain with the highlight
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Fig. S3 Multiple sequence alignment (MSA) of MCR-1 to 10 proteins on the periplasmic domain with the highlight consensus

residues.
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(A) Comparison of modelled MCRs and EptA structures

120 130
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MCR-3 Ij0 ALAYLSLPIIVWVTIAQG
MCR-4 I|E ALMYVNLASITNLLLT/GLLP|S|
MCR-5 LR ASELLQWRMLPYLLVA \Y
MCR-6 L|O SKDLMNMAFFVRIIGL
MCR-7 1|0 ATSYLNVPVVLWFLLT
MCR-8 VIO LTSYLS|VPFLSTLFLL
MCR-9 IJ0 AHSYLNGSIIIWFVET)
MCR-10 IE AHAYLNGSLVLWLVFM
EptA EN LIN| SARLITPGYVLWIVCL
PH2 PH2’
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(B) EptA’s possible tunnel
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(PDB id: 4KAV, 4KAY)
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s S

(PDB id: 5FGN)

EptA X-ray structures

Fig. S4 (A) Superimposed structures of modeled MCRs (MCR-1 to 10) and EptAs X-ray structure where the comparison of
PH2/PH2’ sequences in right side were outlined in green on superimposed structures. (B) Possible tunnels of EptA X-ray

structure where their bottleneck radii are given in the bracket.

m RMSD =0.933 A m RMSD =0.936 A

@ Predicted model
PDB id : 5lrn

© Predicted model
PDB id : 5mx9

Fig. S5 Superimposed structures of the periplasmic domain between the predicted models by RoseTTAfold and the crystal

structures of MCR-1 and MCR-2.
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Fig. S7 The percentage of PE substrate binding to the tunnels 1 with the best docked pose on the tunnel 1 retrieved by blind

docking simulation on the EptA (PDB id: 5FGN) using the SwissDock server [23] where the substrate-protein interactions are
depicted on right site.
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