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(57) ABSTRACT

The present disclosure relates to chimeric ABC transporter
proteins and methods of screening for molecules that bind to
the periplasmic, extracellular, and/or luminal face of an ABC
transporter protein using the chimeric ABC transporters. For
example, in some embodiments, screening methods involve
providing a chimeric ABC transporter in which one or more
regions of the periplasmic, extracellular, and/or luminal face
of the ABC transporter are substituted with one or more
equivalent regions of the periplasmic, extracellular, and/or
luminal face of a different ABC transporter and selecting for
molecules that bind to the ABC transporter but do not bind
to the chimeric ABC transporter. The disclosure also relates
to molecules that bind to the periplasmic, extracellular,
and/or luminal face of an ABC transporter protein, for
example, identified in such screens.

Specification includes a Sequence Listing.
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MsbA-chimera5-G758

Data collection

Space group P2;2:2,
Cell dimensions

a, b, c (A) 108.85, 121.02, 138.29

o, B,v (°) 90, 90.03, 90
Resolution (A) 38.83-3.26 (3.50-3.26)
Rpim 0.048 (0.79)
1/ ol 11.9(1.2)
Completeness (%) 83.8 (22.6)
Redundancy 6.7 (7.3)
CC(1/2) 0.999 (0.523)
Refinement
Resolution (A) 36.6-3.26
No. reflections 24271
Ruyork / Reres® 29.96/33.24
No. atoms © 8,552

protein 8,436

ligand 116
B-factors 41.9

Fab 41.8

peptide 39.1

Water 43.3
R.m.s. deviations

Bond lengths (A)  0.005

Bond angles (°) 0.67

Single crystal was collected for the data set.

Ramachandran plot: 96.30% favored, 3.09% allowed, 0.62% outlier
*conipleteness was 99.5% in 38.83-9.64 bin but data were anisotropic in higher resolution shells
3% of reflections used to calculate Reee
‘represents all non-hydrogen atoms modeled

Fig. 7
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#1 name #1 name
(EMDB-xxxx) (EMDB-xxxx)
(PBD xxxx) (PBD xxxx)

Data collection and processing

Magnification
Voltage (kV) 300 300
Electron exposure (e-/A%) 40 40
Defocus range (um) -1.0--2.0 -1.0--2.0
Pixel size (A) 1.3 1.132
Symmetry imposed Ci Cl
Initial particle images (no.) 1,206,819 1,931,122
Final particle images (no.) 410,386 441,852
Map resolution (A) 3.0 3.1
FSC threshold (0.143) (0.143)
Map resolution range (A) ~2.8-4.5 ~3.0-4.5
Refinement
Initial model used (PDB code) 3B60 XXX
Model resolution (A) 3.2 3.5
FSC threshold (0.5) (0.5)
Model resolution range (A) 2.8-3.5 2.8-4.0
Map sharpening B factor (A?) -95 -120
Model composition
Non-hydrogen atoms 19,085 18,839
Protein residues 1,146 1,144
Ligands 5 5
B factors (A?)
Protein 71.96 100.80
Ligand 82.75 98.56
R.m.s. deviations
Bond lengths (A) 0.008 0.005
Bond angles (°) 1.226 0.831
Validation
MolProbity score 1.45 1.70
Clashscore 8.24 7.54
Poor rotamers (%) 0.10 0.10
Ramachandran plot
Favored (%) 98.51 95.88
Allowed (%) 1.49 4.12
Disallowed (%) 0.00 0.00

Fig. 8
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CHIMERIC ABC TRANSPORTERS AND
SCREENING METHODS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation of International
Patent Application No. PCT/US2022/026319, filed Apr. 26,
2022, which claims the benefit of priority of U.S. Provi-
sional Application No. 63/181,118, filed Apr. 28, 2021, U.S.
Provisional Application No. 63/213,652, filed Jun. 22, 2021,
and U.S. Provisional Application No. 63/315,255, filed Mar.
1, 2022, the contents of each of which are incorporated by
reference herein in their entireties for any purpose.

SEQUENCE LISTING

[0002] The instant application contains a Sequence Listing
which has been submitted electronically in XML format and
is hereby incorporated by reference in its entirety. Said XML
copy, created on Oct. 23, 2023, is named “2023-10-23_
01164-0015-00US_SeqlList.xml” and is 42,148 bytes in size.

FIELD

[0003] The present disclosure relates to chimeric ABC
transporter proteins and methods of screening for molecules
that bind to the periplasmic, extracellular, and/or luminal
face of an ABC transporter protein using the chimeric ABC
transporters. For example, in some embodiments, screening
methods involve providing a chimeric ABC transporter in
which one or more regions of the periplasmic, extracellular,
and/or luminal face of the ABC transporter are substituted
with one or more equivalent regions of the periplasmic,
extracellular, and/or luminal face of a different ABC trans-
porter and selecting for molecules that bind to the ABC
transporter but do not bind to the chimeric ABC transporter.
The disclosure also relates to molecules that bind to the
periplasmic, extracellular, and/or luminal face of an ABC
transporter protein, for example, identified in such screens.

BACKGROUND

[0004] ATP binding cassette (“ABC”) transporters consti-
tute a superfamily of integral membrane proteins found in
prokaryotes and eukaryotes and in eukaryotic organelles that
are responsible for the ATP-powered translocation of many
types of substrates across membranes. ABC transporters
have a transmembrane pore that is either accessible from the
inner face of a membrane (inward-facing conformation) or
from the outer face of a membrane (outward-facing confor-
mation). ATP hydrolysis drives conformational changes in
the protein, resulting in “flipping” the transmembrane pore
from the inner side to the outer side of the membrane or vice
versa for transport of substrates across the membrane. See,
e.g., FIG. 6.

[0005] Gram-positive bacterial cells have a single cyto-
plasmic membrane. Gram-negative bacterial cells have an
outer membrane and an inner/cytoplasmic membrane. The
space between the outer and inner membranes is the peri-
plasm. In Gram-negative bacterial cells, for example, ABC
transporters may be used to flip particular substrates from
the outer membrane to the inner membrane and vice versa,
such as the transport of lipopolysaccharides (LPS) between
the outer and inner (cytoplasmic) membranes. Eukaryotic
cells, in contrast, have a single membrane separating the
exterior of the cell from the cytosol. Eukaryotic organelles
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also generally have a single membrane that separates the
cytosol from the organellar lumen.

[0006] It may be desirable to inhibit the activity of ABC
transporters for various reasons. For example, a molecule
that could inhibit certain ABC transporters in bacteria could
be an effective antibiotic. One possible antibiotic target is
MsbA, a highly conserved ABC transporter in Enterobacte-
riaceae (Gram-negative) that transports lipopolysaccharides
(LPS) from the cytoplasm across the inner membrane/
cytoplasmic membrane to the periplasm for incorporation
into the outer membrane. MsbA is a major component of the
outer membrane and essential for Gram-negative bacterial
growth; depletion of MsbA disrupts LPS trafficking and
causes cell lysis, and blocking the MsbA ATPase activity
inhibits bacterial growth. MsbA could be a target for anti-
biotics because it has low identity with human ABC trans-
porters; for example, human P-gp is only about 30% iden-
tical to MsbA.

[0007] Previous high-throughput screening efforts in
Gram-negative bacteria to identify molecules that bind to
and inhibit the activity of ABC transporters such as MsbA
utilized mutant cell types that had more permeable outer
membranes, for example, the imp Escherichia coli strain.
FIG. 3E. These screens tended to be biased toward identi-
fying molecules that bind the inward-facing conformation of
a bacterial ABC transporter. This presented a problem
because in order to bind to the inward-facing conformation
in a Gram-negative cell, the molecule would first need to
cross both the outer membrane and the inner/cytoplasmic
membrane, and most molecules identified were unable to do
so and were thus ineffective in inhibiting the activity of ABC
transporters in wild-type cells without uncharacteristically
permeable outer membranes. FIG. 6. Similarly, a molecule
that binds the inward-facing conformation in a Gram-posi-
tive bacterial cell or a eukaryotic cell must cross the cell
membrane before binding its target. There is a need for a
drug discovery method that can accommodate high-through-
put screening techniques that select molecules that bind a
solvent-accessible region on ABC ftransporters that is
exposed when in the outward-facing conformation: the
periplasmic, extracellular and/or luminal face, including the
periplasmic, extracellular and/or luminal cleft found within
the periplasmic, extracellular, and/or luminal face of the
protein. Molecules that bind to this portion of an ABC
transporter need not cross as many membranes to bind their
targets, yet may also in some cases act as inhibitors of the
ABC transporter, for instance, by competing with the trans-
porter’s normal substrate for binding or by blocking access
to the normal substrate binding site on the outer face of the
protein.

SUMMARY

[0008] To screen for molecules that bind to the periplas-
mic, extracellular, and/or luminal face of an ABC trans-
porter, the inventors developed a screening strategy using
chimeric ABC transporter proteins in which one or more
regions of the periplasmic, extracellular, and/or luminal face
of the ABC transporter are substituted with one or more
equivalent regions of the periplasmic, extracellular, and/or
luminal face of a different ABC transporter. Such molecules
may be used, for example, in a counter selection screen in
which molecules that bind to the ABC transporter but that do
not bind to the chimeric ABC transporter under the screen-
ing conditions are identified as molecules that bind to the
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periplasmic, extracellular, and/or luminal face of the ABC
transporter. Described herein are chimeric ABC transporters
and methods of using them to identify test molecules that
bind the periplasmic, extracellular, and/or luminal face
regions of an ABC transporter and associated binding mol-
ecules, molecular complexes, kits, and methods of using the
identified molecules.

[0009] The present disclosure includes, for example, any
one or a combination of the following embodiments:

[0010] Embodiment 1. A method of determining
whether a test molecule binds to the periplasmic, extra-
cellular, and/or luminal face of a parental ABC trans-
porter, comprising: a) providing a chimeric ABC trans-
porter, in which one or more regions of the periplasmic,
extracellular, and/or luminal face of the parental ABC
transporter are substituted with one or more equivalent
regions of the periplasmic, extracellular, and/or luminal
face of a different ABC transporter; and b) contacting
the chimeric ABC transporter with a test molecule that
binds to the parental ABC transporter in an outward-
facing conformation, wherein the test molecule is
determined to bind to the periplasmic, extracellular,
and/or luminal face of the parental ABC transporter if
the test molecule does not bind to the chimeric ABC
transporter.

[0011] Embodiment 2. A method of determining
whether a test molecule binds to the periplasmic, extra-
cellular, and/or luminal face of a parental ABC trans-
porter, comprising: a) trapping the parental ABC trans-
porter in an outward-facing conformation; b) selecting
a test molecule that binds to the parental ABC trans-
porter in the outward-facing conformation; ¢) provid-
ing a chimeric ABC transporter, in which one or more
regions of the periplasmic, extracellular, and/or luminal
face of the parental ABC transporter are substituted
with one or more equivalent regions of the periplasmic,
extracellular, and/or luminal face of a different ABC
transporter; and d) contacting the chimeric ABC trans-
porter with the test molecule of (b) that binds to the
parental ABC transporter in an outward-facing confor-
mation, wherein the test molecule is determined to bind
to the periplasmic, extracellular, and/or luminal face of
the parental ABC transporter if the test molecule does
not bind to the chimeric ABC transporter.

[0012] Embodiment 3. The method of embodiments 1
or 2, further comprising trapping the chimeric ABC
transporter in an outward-facing conformation prior to
contacting the chimeric ABC transporter with the test
molecule.

[0013] Embodiment 4. The method of any one of
embodiments 2-3, wherein the parental ABC trans-
porter and/or the chimeric ABC transporter is trapped
in an outward-facing conformation by treating the
parental ABC transporter and/or the chimeric ABC
transporter with Mg>*, ATP, and vanadate.

[0014] Embodiment 5. The method of any one of
embodiments 1-4, wherein the parental ABC trans-
porter is a Type IV or Type V ABC transporter.

[0015] Embodiment 6. The method of any one of
embodiments 1-5, wherein the parental ABC trans-
porter is a Type IV ABC transporter.

[0016] Embodiment 7. The method of any one of
embodiments 1-6, wherein the parental ABC trans-
porter is from a Gram-negative bacteria.
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[0017] Embodiment 8. The method of embodiment 7,
wherein the Gram-negative bacteria is selected from
Escherichia coli, Enterobacter cloacae, Klebsiella
pneumoniae, Pseudomonas aeruginosa, Pseudomonas
psychrotolerans, Candidatus accumulibacter, Janthi-
nobacterium  agaricidamnosum, Thiomicrospira
cyclica, or Magnetospira sp. strain-QH-2.

[0018] Embodiment 9. The method of embodiment 8,
wherein the parental ABC transporter is from Escheri-
chia coli.

[0019] Embodiment 10. The method of any one of
embodiments 7-9, wherein the parental ABC trans-
porter is MsbA.

[0020] Embodiment 11. The method of any one of
embodiments 7-10, wherein the different ABC trans-
porter is from a Gram-negative bacteria.

[0021] Embodiment 12. The method of embodiment 11,
wherein the Gram-negative bacteria is selected from
Escherichia coli, Enterobacter cloacae, Klebsiella
pneumoniae, Pseudomonas aeruginosa, Pseudomonas
psychrotolerans, Candidatus accumulibacter, Janthi-
nobacterium  agaricidamnosum, Thiomicrospira
cyclica, or Magnetospira sp. strain-QH-2.

[0022] Embodiment 13. The method of any one of
embodiments 1-12, wherein the chimeric ABC trans-
porter differs from the parental ABC transporter in that
at least one periplasmic, extracellular, or luminal loop
and up to 50% of the transmembrane segments on
either side of the loop are replaced with equivalent
regions of the different ABC transporter.

[0023] Embodiment 14. The method of embodiment 13,
wherein the chimeric ABC transporter differs from the
parental ABC transporter in that at least one periplas-
mic, extracellular, or luminal facing loop and 50% of
the transmembrane segments on either side of the loop
are replaced with equivalent regions of the different
ABC transporter.

[0024] Embodiment 15. The method of embodiment 13,
wherein the chimeric ABC transporter differs from the
parental ABC transporter in that at least one periplas-
mic, extracellular, or luminal facing loop and up to 25%
of the transmembrane segments on either side of the
loop are replaced with equivalent regions of the differ-
ent ABC transporter.

[0025] Embodiment 16. The method of embodiment 13,
wherein the chimeric ABC transporter differs from the
parental ABC transporter in that at least one periplas-
mic, extracellular, or luminal facing loop and up to 10%
of the transmembrane segments on either side of the
loop are replaced with equivalent regions of the differ-
ent ABC transporter.

[0026] Embodiment 17. The method of embodiment 13,
wherein the chimeric ABC transporter differs from the
parental ABC transporter in that at least two, at least
three, or all of the periplasmic, extracellular, or luminal
facing loops and up to 50% of the transmembrane
segments on either side of each loop are replaced with
equivalent regions of the different ABC transporter.

[0027] Embodiment 18. The method of any one of
embodiments 1-17, wherein the parental ABC trans-
porter and the different ABC transporter are respec-
tively encoded by homologous genes from two differ-
ent species.
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[0028] Embodiment 19. The method of any one of
embodiments 1-12, wherein the parental ABC trans-
porter is E. coli MsbA (EcMsbA) and the chimeric
ABC transporter is EcMsbA in which one or more of
EcMsbA residues Leud7-Pro68 in periplasmic loop 1
(L1), EcMsbA residues Met159-Leul71 in periplasmic
loop 3 (L3), and EcMsbA residues Ala262-11e292 in
periplasmic loop 5 (LS5) are replaced with equivalent
regions of Pseudomonas psychrotolerans (PpMsbA).

[0029] Embodiment 20. The method of any one of
embodiments 1-12, wherein the parental ABC trans-
porter is EcMsbA and the chimeric ABC transporter is
EcMsbA in which one or more of EcMsbA residues
Leud7-Pro68 in periplasmic loop 1 (L.1), EcMsbA
residues Metl159-Leul71 in periplasmic loop 3 (L3),
and EcMsbA residues Ala262-11e292 in periplasmic
loop 5 (LS) are replaced with equivalent regions of
Candidatus accumulibacter (CaMsbA).

[0030] Embodiment 21. The method of any one of
embodiments 1-12, wherein the parental ABC trans-
porter is EcMsbA and the chimeric ABC transporter is
EcMsbA in which one or more of EcMsbA residues
Leud7-Pro68 in periplasmic loop 1 (L.1), EcMsbA
residues Metl159-Leul71 in periplasmic loop 3 (L3),
and EcMsbA residues Ala262-11e292 in periplasmic
loop 5 (LS) are replaced with equivalent regions of
Janthinobacterium agaricidamnosum (JaMsbA).

[0031] Embodiment 22. The method of any one of
embodiments 1-12, wherein the parental ABC trans-
porter is EcMsbA and the chimeric ABC transporter is
EcMsbA in which one or more of EcMsbA residues
Leud7-Pro68 in periplasmic loop 1 (L.1), EcMsbA
residues Metl159-Leul71 in periplasmic loop 3 (L3),
and EcMsbA residues Ala262-11e292 in periplasmic
loop 5 (LS) are replaced with equivalent regions of
Thiomicrospira cyclica (TcMsbA).

[0032] Embodiment 23. The method of any one of
embodiments 1-12, wherein the parental ABC trans-
porter is EcMsbA and the chimeric ABC transporter is
EcMsbA in which one or more of EcMsbA residues
Leud7-Pro68 in periplasmic loop 1 (L.1), EcMsbA
residues Metl159-Leul71 in periplasmic loop 3 (L3),
and EcMsbA residues Ala262-11e292 in periplasmic
loop 5 (LS) are replaced with equivalent regions of
Magnetospira strain-QH-2 (MqMsbA).

[0033] Embodiment 24. The method of any one of
embodiments 1-23, wherein the molecule binds to the
periplasmic, extracellular, or luminal cleft of the paren-
tal ABC transporter.

[0034] Embodiment 25. The method of any one of
embodiments 1-24, wherein the method further com-
prises conducting an ATPase assay of the parental ABC
transporter in the presence of the molecule.

[0035] Embodiment 26. The method of any one of
embodiments 1-25, wherein the method further com-
prises conducting a cell viability or growth assay and/or
an ABC transporter functional assay of the parental
ABC transporter in the presence of the molecule.

[0036] Embodiment 27. A molecule identified by the
method of any one of embodiments 1-26, wherein the
molecule binds to the parental ABC transporter with a
K, of 20 uM or less.
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[0037] Embodiment 28. A molecule of embodiment 27,
wherein the molecule binds to the parental ABC trans-
porter with a K, of 10 uM or less.

[0038] Embodiment 29. A molecule of embodiment 27,
wherein the molecule binds to the parental ABC trans-
porter with a K, of 20 nM or less.

[0039] Embodiment 30. A molecule of embodiment 27,
wherein the molecule binds to the parental ABC trans-
porter with a K, of 500 nM or less.

[0040] Embodiment 31. A molecule of embodiment 27,
wherein the molecule binds to the parental ABC trans-
porter with a K, of 1 nM or less.

[0041] Embodiment 32. A molecule of embodiment 27,
wherein the molecule binds to the parental ABC trans-
porter with a K, of 1 to 20 uM.

[0042] Embodiment 33. A molecule of embodiment 27,
wherein the molecule binds to the parental ABC trans-
porter with a K, of 10 to 20 pM.

[0043] Embodiment 34. A molecule of embodiment 27,
wherein the molecule binds to the parental ABC trans-
porter with a K, of 1 nM to 20 pM.

[0044] Embodiment 35. A molecule of embodiment 27,
wherein the molecule binds to the parental ABC trans-
porter with a K, of 1 nM to 500 nM.

[0045] Embodiment 36. A molecule identified by the
method of any one of embodiments 1-26, wherein the
molecule is a peptide.

[0046] Embodiment 37. A molecule identified by the
method of any one of embodiments 1-26, wherein the
molecule is a small molecule.

[0047] Embodiment 38. A molecule identified by the
method of any one of embodiments 1-26, wherein the
molecule is an antibody.

[0048] Embodiment 39. A molecule identified by the
method of any one of embodiments 1-26, wherein the
molecule is a binding fragment of a peptide, small
molecule, or antibody.

[0049] Embodiment 40. The peptide of embodiment 36,
wherein the peptide is a macrocycle.

[0050] Embodiment 41. The macrocycle of embodi-
ment 40, wherein the macrocycle is a 6-14-mer, 6-10-
mer, 6-8-mer, or 8-10-mer macrocycle.

[0051] Embodiment 42. The macrocycle of embodi-
ment 40 or 41, wherein the macrocycle has at least one
lipophilic side-chain and at least one positively charged
side-chain.

[0052] Embodiment 43. The molecule of any one of
embodiments 27-42, wherein the molecule binds to the
periplasmic, extracellular, or luminal cleft of the paren-
tal ABC transporter.

[0053] Embodiment 44. A macrocycle peptide G1118,
G1119, or G1122.

[0054] Embodiment 45. A macrocycle peptide G1365.

[0055] Embodiment 46. A molecule that competes with
macrocycle G1118, G1119, and/or G1122 for binding
to the periplasmic face of a parental ABC transporter,
when the parental ABC transporter is trapped in an
outward-facing conformation by treatment with Mg>*,
ATP, and vanadate.

[0056] Embodiment 47. The molecule of embodiment
46, wherein the molecule inhibits binding of G1118,
G1119, and/or G1122 to the parental ABC transporter
by at least 50, 60, 70, 80, 90 or 100% in a competition
assay.



US 2024/0183860 Al

[0057] Embodiment 48. A molecule that competes with
macrocycle G1365 for binding to the periplasmic face
of a parental ABC transporter, when the parental ABC
transporter is trapped in an outward-facing conforma-
tion by treatment with Mg>*, ATP, and vanadate.

[0058] Embodiment 49. The molecule of embodiment
48, wherein the molecule inhibits binding of G1365 to
the parental ABC transporter by at least 50, 60, 70, 80,
90 or 100% in a competition assay.

[0059] Embodiment 50. A method of making a chimeric
ABC transporter, comprising replacing at least one
periplasmic, extracellular, or luminal facing loop and
up to 50% of the transmembrane segments on either
side of the loop of a parental ABC transporter with
equivalent regions of a different ABC transporter.

[0060] Embodiment 51. The method of embodiment 50,
wherein at least one periplasmic, extracellular, or lumi-
nal facing loop and 50% of the transmembrane seg-
ments on either side of the loop of the parental ABC
transporter are replaced with equivalent regions of the
different ABC transporter.

[0061] Embodiment 52. The method of embodiment 50,
wherein at least one periplasmic, extracellular, or lumi-
nal facing loop and up to 25% of the transmembrane
segments on either side of the loop of the parental ABC
transporter are replaced with equivalent regions of the
different ABC transporter.

[0062] Embodiment 53. The method of embodiment 50,
wherein at least one periplasmic, extracellular, or lumi-
nal facing loop and up to 10% of the transmembrane
segments on either side of the loop of the parental ABC
transporter are replaced with equivalent regions of the
different ABC transporter.

[0063] Embodiment 54. The method of embodiment 50,
wherein at least two, at least three, or all of the
periplasmic, extracellular, or luminal facing loops and
up to 50% of the transmembrane segments on either
side of each loop of the parental ABC transporter are
replaced with equivalent regions of the different ABC
transporter.

[0064] Embodiment 55. The method of any one of
embodiments 50-54, wherein the parental and the dif-
ferent ABC transporters are each Type IV or Type V
ABC transporters.

[0065] Embodiment 56. The method of any one of
embodiments 50-55, wherein the parental and the dif-
ferent ABC transporters are each Type IV ABC trans-
porters.

[0066] Embodiment 57. The method of any one of
embodiments 50-56, wherein the parental ABC trans-
porter is from a Gram-negative bacteria.

[0067] Embodiment 58. The method of embodiment 57,
wherein the Gram-negative bacteria is selected from
Escherichia coli, Enterobacter cloacae, Klebsiella
pnreumoniae, Pseudomonas aeruginosa, Pseudomonas
psychrotolerans, Candidatus accumulibacter, Janthi-
nobacterium  agaricidamnosum, Thiomicrospira
cyclica, or Magnetospira strain-QH-2.

[0068] Embodiment 59. The method of embodiment 58,
wherein the Gram-negative bacteria is Escherichia coli.

[0069] Embodiment 60. The method of any one of
embodiments 57-59, wherein the parental ABC trans-
porter is MsbA.
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[0070] Embodiment 61. The method of any one of
embodiments 57-60, wherein the different ABC trans-
porter is from a Gram-negative bacteria.

[0071] Embodiment 62. The method of embodiment 61,
wherein the different ABC transporter is from a bacteria
selected from Escherichia coli, Enterobacter cloacae,
Klebsiella pneumoniae, Pseudomonas aeruginosa,
Pseudomonas psychrotolerans, Candidatus accumuli-
bacter, Janthinobacterium agaricidamnosum, Thiomi-
crospira cyclica, or Magnetospira strain-QH-2.

[0072] Embodiment 63. The method of any one of
embodiments 50-62, wherein the parental ABC trans-
porter and the different ABC transporter are respec-
tively encoded by homologous genes from two differ-
ent species.

[0073] Embodiment 64. The method of embodiment 63,
wherein the parental and different ABC transporters are
MsbA transporters from two different Gram-negative
bacterial species.

[0074] Embodiment 65. A chimeric ABC transporter in
which at least one periplasmic, extracellular, or luminal
facing loop and up to 50% of the transmembrane
segments on either side of the loop of a parental ABC
transporter are replaced with equivalent regions of a
different ABC transporter.

[0075] Embodiment 66. The chimeric ABC transporter
of embodiment 65, wherein at least one periplasmic,
extracellular, or luminal facing loop and 50% of the
transmembrane segments on either side of the loop of
the parental ABC transporter are replaced with equiva-
lent regions of a different ABC transporter.

[0076] Embodiment 67. The chimeric ABC transporter
of embodiment 65, wherein at least one periplasmic,
extracellular, or luminal facing loop and up to 25% of
the transmembrane segments on either side of the loop
of the parental ABC transporter are replaced with
equivalent regions of a different ABC transporter.

[0077] Embodiment 68. The chimeric ABC transporter
of embodiment 65, wherein at least one periplasmic,
extracellular, or luminal facing loop and up to 10% of
the transmembrane segments on either side of the loop
of the parental ABC transporter are replaced with
equivalent regions of a different ABC transporter.

[0078] Embodiment 69. The chimeric ABC transporter
of embodiment 65, wherein at least two, at least three,
or all of the periplasmic, extracellular, or luminal facing
loops and up to 50% of the transmembrane segments on
either side of each loop of the parental ABC transporter
are replaced with equivalent regions of a different ABC
transporter.

[0079] Embodiment 70. The chimeric ABC transporter
of any one of embodiments 65-69, wherein the parental
ABC transporter is a from a Gram-negative bacteria.

[0080] Embodiment 71. The chimeric ABC transporter
of embodiment 70, wherein the Gram-negative bacteria
is selected from Escherichia coli, Enterobacter cloa-
cae, Klebsiella pneumoniae, Pseudomonas aeruginosa,
Pseudomonas psychrotolerans, Candidatus accumuli-
bacter, Janthinobacterium agaricidamnosum, Thiomi-
crospira cyclica, or Magnetospira strain-QH-2.

[0081] Embodiment 72. The chimeric ABC transporter
of embodiment 71, wherein the parental ABC trans-
porter is from Escherichia coli.
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[0082] Embodiment 73. The chimeric ABC transporter
of any one of embodiments 70-72, wherein the parental
ABC transporter is MsbA.

[0083] Embodiment 74. The chimeric ABC transporter
of'any one of embodiments 70-73, wherein the different
ABC transporter is from a Gram-negative bacteria.

[0084] Embodiment 75. The chimeric ABC transporter
of'embodiment 74, wherein the Gram-negative bacteria
is selected from Escherichia coli, Enterobacter cloa-
cae, Klebsiella pneumoniae, Pseudomonas aeruginosa,
Pseudomonas psychrotolerans, Candidatus accumuli-
bacter, Janthinobacterium agaricidamnosum, Thiomi-
crospira cyclica, or Magnetospira strain-QH-2.

[0085] Embodiment 76. The chimeric ABC transporter
of'any one of embodiments 70-75, wherein the different
ABC transporter is MsbA.

[0086] Embodiment 77. The chimeric ABC transporter
of any one of embodiments 65-76, wherein the parental
ABC transporter and the different ABC transporter are
respectively encoded by homologous genes from two
different species.

[0087] Embodiment 78. The chimeric ABC transporter
of embodiment 77, wherein the parental and different
ABC transporters are MsbA transporters from two
different Gram-negative bacterial species.

[0088] Embodiment 79. A chimeric ABC transporter
comprising a parental ABC transporter £. coli MsbA
(EcMsbA) in which one or more of EcMsbA residues
Leud7-Pro68 in periplasmic loop 1 (L.1), EcMsbA
residues Metl159-Leul71 in periplasmic loop 3 (L3),
and EcMsbA residues Ala262-11e292 in periplasmic
loop 5 (LS) are replaced with equivalent regions of
Pseudomonas psychrotolerans (PpMsbA).

[0089] Embodiment 80. A chimeric ABC transporter
comprising EcMsbA in which periplasmic loop 1 (L1,
EcMsbA residues Leud7-Pro68), periplasmic loop 3
(L3, EcMsbA residues Met159-Leul71), and periplas-
mic loop 5 (L5, EcMsbA residues Ala262-11e292) are
replaced with equivalent regions of Candidatus accu-
mulibacter (CaMsbA).

[0090] Embodiment 81. A chimeric ABC transporter
comprising EcMsbA in which one or more of EcMsbA
residues Leud7-Pro68 in periplasmic loop 1 (L1),
EcMsbA residues Met159-Leul71 in periplasmic loop
3 (L3), and EcMsbA residues Ala262-11292 in peri-
plasmic loop 5 (L5) are replaced with equivalent
regions of Janthinobacterium agaricidamnosum (JaM-
sbA).

[0091] Embodiment 82. A chimeric ABC transporter
comprising EcMsbA in which one or more of EcMsbA
residues Leud7-Pro68 in periplasmic loop 1 (L1),
EcMsbA residues Met159-Leul71 in periplasmic loop
3 (L3), and EcMsbA residues Ala262-11292 in peri-
plasmic loop 5 (L5) are replaced with equivalent
regions of Thiomicrospira cyclica (TcMsbA).

[0092] Embodiment 83. A chimeric ABC transporter
comprising EcMsbA in which one or more of EcMsbA
residues Leud7-Pro68 in periplasmic loop 1 (L1),
EcMsbA residues Met159-Leul71 in periplasmic loop
3 (L3), and EcMsbA residues Ala262-11292 in peri-
plasmic loop 5 (L5) are replaced with equivalent
regions of Magnetospira strain-QH-2 (MgMsbA).

[0093] Embodiment 84. A molecular complex compris-
ing a chimeric ABC transporter of any one of embodi-
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ments 65-83 bound to a peptide, small molecule, anti-

body, binding fragment of a peptide, binding fragment

of a small molecule, or binding fragment of an anti-
body.

[0094] Embodiment 85. The complex of embodiment
84, wherein the peptide is a macrocycle.

[0095] Embodiment 86. The complex of embodiment
85, wherein the macrocycle is an 6-14-mer macrocycle.

[0096] Embodiment 87. A molecular complex compris-
ing a parental ABC transporter and a molecule of any
one of embodiments 27 to 49.

[0097] Embodiment 88. The complex of embodiment
87, wherein the peptide is a macrocycle.

[0098] Embodiment 89. The complex of embodiment
88, wherein the macrocycle is an 6-14-mer macrocycle.

[0099] Embodiment 90. The complex of embodiment
89, wherein the macrocycle is G1118, G1119, G1122,
or G1365.

[0100] Embodiment 91. A kit comprising the chimeric
ABC transporter of any one of embodiments 65-83 and
reagents for carrying out the methods of any one of
embodiments 1-26, optionally wherein the chimeric
ABC transporter is attached to a matrix or beads, and
optionally wherein the kit further comprises one or
more of the following:

[0101] a. a parental ABC transporter and/or a differ-
ent ABC transporter from which the chimeric ABC
transporter is engineered;

[0102] b. a matrix or beads for attachment of ABC
transporters, optionally streptavidin-coated beads,
avidin-coated beads, or deglycosylated-avidin-
coated beads, or magnetic beads;

[0103] c. one or more detergents for solubilizing an
ABC transporter on a matrix or beads;

[0104] d. at least one wash buffer;

[0105] e. at least one elution buffer;

[0106] f. at least one positive or negative control
molecule.

[0107] Embodiment 92. The kit of embodiment 91,
further comprising instructions for use.

[0108] Embodiment 93. A method of treating a bacterial
infection in an individual comprising administering to
the individual an effective amount of a molecule of any
one of embodiments 27 to 49.

[0109] Embodiment 94. Use of the molecule of any one
of embodiments 27 to 49 for treating a bacterial infec-
tion in a subject.

[0110] Embodiment 95. A peptide comprising the fol-
lowing sequence:

(SEQ ID NO: 17)
ClacF-X1-X2-L-X3-X4-D-X5-X6-X7-X8-MeF-V-C,

wherein:

[0111] i X1is W, V,orY,

[0112] ii. X2 is Wor;

[0113] iii. X3 is WorY;

[0114] iv. X4 is S, D, V, or H;

[0115] v. X5 is N, wherein N is chosen from any
natural amino acid other than C, or a non-natural
amino acid chosen from Bph ((S)-3-([1,1'-biphenyl]-
4-yl)-2-aminopropanoic acid), Dopa (L-3,4-dihy-
droxyphenylalanine), MeF (N-methyl-L-phenylala-
nine), and MeG (N-methyl-L-glycine);
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[o116] vi. X6isY, K, A, S,D, R, orV;
[0117] wii. X7 is W, Y, or Bph; and
[0118] wviii. X8 is WorY;

optionally wherein the peptide further comprises a G residue
following the C residue at the C-terminal end, and wherein
ClacF is N-chloroacetyl L-phenylalanine, Bph is (S)-3-([1,
1'-biphenyl]-4-yl)-2-aminopropanoic acid, Dopa is [-3,4-
dihydroxyphenylalanine, MeF is N-methyl-L-phenylala-
nine, and MeG is N-methyl-L-glycine.

[0119] Embodiment 96. The peptide of embodiment 95,
wherein X1 is W or Y.

[0120] Embodiment 97. The peptide of embodiment 96,
wherein X1 is W.

[0121] Embodiment 98. The peptide of any one of
embodiments 95-97, wherein X2 is W.

[0122] Embodiment 99. The peptide of any one of
embodiments 95-98, wherein X3 is W.

[0123] Embodiment 100. The peptide of any one of
embodiments 95-99, wherein X4 is S, D, V, or H.

[0124] Embodiment 101. The peptide of embodiment
100, wherein X4 is D.

[0125] Embodiment 102. The peptide of any one of
embodiments 95-101, wherein X5is V, D, H, G, or Y.

[0126] Embodiment 103. The peptide of embodiment
102, wherein X5 is V or H.

[0127] Embodiment 104. The peptide of embodiment
103, wherein X5 is V.

[0128] Embodiment 105. The peptide of any one of
embodiments 95-104, wherein X6 is D or S.

[0129] Embodiment 106. The peptide of embodiment
105, wherein X6 is S.

[0130] Embodiment 107. The peptide of any one of
embodiments 95-106, wherein X7 is W.

[0131] Embodiment 108. The peptide of any one of
embodiments 95-107, wherein X8 is W.

[0132] Embodiment 109. A macrocycle formed from
the peptide of any one of embodiments 95-108,
wherein the macrocycle cyclizes due to a thioether
linkage between the N-terminal chloroacetyl group of
ClacF and the sulthydryl group of the C residue.

[0133] Embodiment 110. A peptide comprising the fol-
lowing amino acid sequence:

(SEQ ID NO: 19)
ClacF-X1-Y-Bph-MeF-X2-V-C,

wherein:
[0134]
and
[0135] 1ii. X2 is R, V, Dopa, or Y;

[0136] wherein ClacF is N-chloroacetyl L-phenyl-
alanine, Bph is (S)-3-([1,1'-biphenyl]-4-yl)-2-ami-
nopropanoic acid, Dopa is [-3,4-dihydroxyphe-
nylalanine, and MeF is  N-methyl-L-
phenylalanine.

[0137] Embodiment 111. The peptide of embodiment
110, wherein X1 is S, Y, L, V, A, R, K, or D.

[0138] Embodiment 112. The peptide of embodiment
111, wherein X1 is V or Y.

[0139] Embodiment 113. The peptide of any one of
embodiments 110-112, wherein X1 is V.

[0140] Embodiment 114. The peptide of any one of
embodiments 110-113, wherein X2 is R or Y.

1. X11is V, S, Y, W, Dopa, L, V, A, R, K, or D;
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[0141] Embodiment 115. The peptide of embodiment
114, wherein X2 is R.

[0142] Embodiment 116. A macrocycle formed from
the peptide of any one of embodiments 110-115,
wherein the macrocycle cyclizes due to a thioether
linkage between the N-terminal chloroacetyl group of
ClacF and the sulthydryl group of the C residue.

[0143] Embodiment 117. The peptide or macrocycle of
any one of embodiments 95-116, wherein the peptide or
macrocycle is conjugated to another molecule, such as
an antibiotic or antimicrobial, optionally wherein the
conjugation is at the C-terminal amino acid residue of
the sequence.

[0144] Embodiment 118. The peptide or macrocycle of
embodiment 117, wherein the antibiotic or antimicro-
bial is a polymyxin, such as polymyxin B or polymyxin
E.

BRIEF DESCRIPTION OF THE DRAWINGS

[0145] FIGS. 1A-C show diagrams of the protein structure
of three different ABC transporters and how the proteins are
situated in a membrane relative to the periplasm/extracellu-
lar space and the cytoplasm/cytosol. Each individual amino
acid is represented by a circle containing the amino acid
identified by one-letter code. Some amino acid positions on
the chain are also numbered, e.g., position 50 and position
60. FIG. 1A shows the MsbA ABC transporter from Escheri-
chia coli. FIG. 1B shows the human ABC transporter
ABCDA4. Tt has ~25-30% sequence identity with MsbA. FIG.
1C shows the human ABC transporter ABCCI1. It has
~25-30% sequence identity with MsbA. FIGS. 1A-C show
and label the periplasmic or extracellular loop regions that
may be substituted for an equivalent region of a different
ABC transporter to make a chimeric ABC transporter. Also
shown are the regions of the proteins that cross the mem-
brane (“the transmembrane segments™ or “TM segments”™)
that may be substituted for an equivalent region of an ABC
transporter from a different ABC transporter. The rectangu-
lar boxes indicate the regions that may be substituted in each
protein.

[0146] FIGS. 2A-C show three-dimensional representa-
tions of ABC transporters and chimeric ABC transporters
and how they are situated in a membrane relative to the
periplasm/extracellular space and the cytoplasm/cytosol.
FIG. 2A, left panel, shows a three-dimensional representa-
tion of the Gram-negative bacterial MsbA situated in a cell
membrane (dark band intersecting the structure). FIG. 2A,
center panel, shows a three-dimensional representation of a
macrocycle-MsbA complex, in which the macrocycle binds
to the periplasmic face of the protein, specifically in the
periplasmic cleft. FIG. 2A, right panel, shows a chimeric
MsbA (MsbA-chimera5), where the darker, filled amino
acids at the top of the ribbon diagram are those taken from
an equivalent region in a different ABC transporter. Such a
chimera may be used, for example, to help select for
molecules that bind to the periplasmic face, including the
periplasmic cleft, of MsbA, such as the macrocycle shown
in the center panel. FIG. 2B, center panel, shows a chimeric
human ABCD4 transporter (PDB: 6JBJ), where the filled
amino acids of the protein are those taken from an equivalent
region in a different ABC transporter. The left panel of FIG.
2B again shows the chimeric MsbA protein, indicating the
similarity in the architecture of the two proteins. FIG. 2B,
right panel, shows a chimeric human ABCC1 transporter
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(PDB: 6BHU), where the filled amino acids at the top of the
ribbon diagram are those taken from an equivalent region in
a different ABC transporter. FIG. 2C shows a representation
of each of the three chimeric proteins from a periplasmic or
extracellular perspective. Each periplasmic or extracellular
loop is labeled. The filled amino acids in the ribbon diagram
are those from the equivalent region in a different ABC
transporter. Each extracellular loop is also labeled.

[0147] FIGS. 3A-N show the strategy for characterizing
macrocyclic MsbA inhibitors. FIG. 3A shows a schematic of
the INSITE screening strategy for identifying macrocycles
targeting the periplasmic face of EcMsbA. FIG. 3B shows
exemplary macrocycle inhibitors G1118 and G1365. These
inhibitors contain a thioether bond as indicated (non-natural
amino acids: Clac-F, N-chloroacetyl L-phenylalanine; MeF,
N-Methyl-L-phenylalanine; Bph, (S)-3-([1,1'-biphenyl]-4-
yD)-2-aminopropanoic acid. FIGS. 3C-D show dose-re-
sponse curves of G1118 (FIG. 3C) and G1365 (FIG. 3D) on
WT E. coli MsbA and MsbA-chim5. IC,, values were
determined by fitting a nonlinear four-parameter inhibition
model (see Example 3); data are meanzs.e.m. from three
independent experiments. FIG. 3E shows representative
electron micrographs comparing msbA*, msbA~ and inhibi-
tor-exposed E. coli CFT073 UPEC lptD(imp4213) cells
(Table 1). G907 is a quinoline inhibitor of MsbA described
in FIG. 11D (Alexander et al., 2018; Ho et al., 2018). Inner
membrane elaborations are marked with arrows. Images are
representative of >10 isolated cells for each condition. Scale
bars, 0.1 um. FIG. 3F shows electron micrographs compar-
ing an E. coli imp strain with G1118 (right panel; arrows
mark inner membrane elaborations) and without (left panel).
The ICs, of G1118 was determined to be 5 nM. FIGS. 3G-L.
show dose response curves of G1325 (FIG. 3G; IC,,=1.2
uM; EC5,=10 uM), G1330 (FIG. 3H; IC5,=13 uM; EC5,=30
uM), G1365 (FIG. 31; IC5,=300 nM; EC,,=20 uM), G1349
(FIG. 37, IC5,=50 uM; EC5,=30 uM), G1323 (FIG. 3K;
1C5,=2.8 uM), and G1320 (FIG. 3L; IC;,=185 uM) on E.
coli strains imp MsbA ., imp MsbA##" and UPEC WT.
FIGS. 3M-N show potential binding sites for G092 quino-
line (FIG. 3M) and G1118 (FIG. 3N).

[0148] FIGS. 4A-N show G1118 and G1365 binding in the
periplasmic cleft of MsbA. FIG. 4A shows a cryo-EM map
of G1118-EcMsbA complex. G1118 and LPS are indicated
on the map. FIG. 4B shows a view of G1118 binding in the
periplasmic cleft of MsbA. The GKK-tail is omitted for
clarity. FIGS. 4C-D show closeup views of select interac-
tions between G1118 and MsbA. FIG. 4E shows a frequency
plot of observed macrocycle ¢cDNA in the G1118 family
during sequencing after the final round of enrichment (non-
natural amino acids are: MeF=F*, N-Methyl-L-phenylala-
nine; MeG=G*, N-Methyl-L-glycine). FIG. 4F shows a
cryo-EM map of G1365-EcMsbA complex. G1365 is indi-
cated. FIGS. 4G-H show closeup views of select interactions
between G1365 and MsbA. FIG. 41 shows a frequency plot
of observed macrocycle cDNA in the G1365 family during
sequencing after the final round of enrichment (non-natural
amino acids are: Bph=B*, (S)-3-([1,1'-biphenyl]|-4-yl)-2-
aminopropanoic acid; MeF=F* N-Methyl-L-phenylala-
nine). FIGS. 4]J-N show G1365 binds near the membrane
exposed region of the outward-facing cleft.

[0149] FIGS. 5A-E show LPS bound at an essential
peripheral binding site in the outward-facing conformation.
FIG. 5A shows a peripheral LPS binding site on MsbA on
the inner leaflet of the inner membrane. FIG. 5B shows a
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closeup view of LPS binding site highlighting interactions
between LPS and MsbA. The 2'-hydroxymyristate (2'-C14)
and 2"-laurate acyl (2"-C12) chains are labeled. The Kdo
residues are omitted for clarity. FIG. 5C shows growth
curves of E. coli MG1655 msbA-cKO IptD(imp4213)
expressing the indicated WT or mutant alleles of E. cofi
MsbA from a low-copy plasmid (Table 1). Data are meanzs.
e.m. from three independent experiments. FIG. 5D shows a
representative thin-section electron micrographs comparing
msbA*, msbA™ and cells expressing the indicated msbA
mutant constructs in the E. coli CFT073 UPEC IptD
(imp4213) strain. Inner membrane elaborations are shown
with arrows. Images are representative of >10 isolated cells
for each variant. Scale bars, 0.1 um. FIG. 5E shows amino
acids that cause E. coli growth defects when mutated.
[0150] FIG. 6 shows a model for selective recognition and
transport of LPS by MsbA. Panel 1—In the outward-facing
conformation, LPS can bind the peripheral binding sites
along the inner membrane. Mature Kdo2-LipidA is selec-
tively bound by positively charged and aromatic residues on
the 4'-phosphate side of LPS. Panel 2—MsbA returns to the
inward-facing conformation and LPS is enriched locally
upon release from the peripheral binding site (PDB: 6BL6).
Facilitated diffusion of LPS towards the central cavity
occurs along a ridge of positively charged residues on
MsbA. Panel 3—LPS becomes enclosed within the central
vestibule, as previously described (PDB: 5TV4). Panel
4—ATP binding causes a large conformational change
resulting in the outward-facing state that releases LPS into
the outer leaflet of the inner membrane. The LPS diffuses
away from MsbA for subsequent processing and transport to
the outer membrane.

[0151] FIG. 7 shows crystallographic data collection and
refinement statistics.

[0152] FIG. 8 shows a summary of cryo-EM data acqui-
sition parameters and model refinement statistics.

[0153] FIGS. 9A-B show a multi-sequence alignment of
select MsbA homologs. In FIG. 9A, E. coli MsbA sequence
is shown as the reference, and putative homologs from other
species selected from chimeric transporter designs are
included. In FIG. 9A, SEQ ID NO: 4 is E. coli MsbA protein
sequence (first row), SEQ ID NO: 5 is P. psychrotolerans
MsbA protein sequence (second row), SEQ ID NO: 6 is C.
accumulibacter MsbA protein sequence (third row), SEQ ID
NO: 7 is J. agaricidamnosum MsbA protein sequence
(fourth row), SEQ ID NO: 8 is 7. cyclica MsbA protein
sequence (fifth row), and SEQ ID NO: 9 is Magnetospira.
QH-2 MsbA protein sequence (sixth row). FIG. 9B shows
overall sequence identities for the MsbA homologs in FIG.
9A.

[0154] FIGS. 10A-B show chimeric MsbA transporter
constructs. FIG. 10A shows exemplary sequences of E. coli
MsbA-based chimeras. Regions marked “loop 1,” “loop 2,”
and “loop 3” indicate the periplasmic regions of the trans-
membrane helices and loops that were substituted in gener-
ating the engineered chimeric transporter proteins. In FIG.
10A, SEQ ID NO: 4 is E. coli MsbA protein sequence (first
row), SEQ ID NO: 12 is E. coli MsbA-chimeral protein
sequence (second row), SEQ ID NO: 13 is E. coli MsbA-
chimera2 protein sequence (third row), SEQ ID NO: 14 is F.
coli MsbA-chimera3 protein sequence (fourth row), SEQ ID
NO: 15 is E. coli MsbA-chimera4 protein sequence (fifth
row), and SEQ ID NO: 16 is E. coli MsbA-chimera5 protein
sequence (sixth row). FIG. 10B shows an outward-facing F.
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coli MsbA and MsbA-chimera. Side views are shown in the
top panel and top views are shown in the bottom panel. In
the MsbA-chimera, the regions with amino acid substitu-
tions at loops 1-3 (as shown in FIG. 10A) are indicated.
[0155] FIGS. 11A-E show purification and evaluation of
EcMsbA chimeras. FIG. 11A shows SDS-PAGE analysis of
purified EcMsbA chimeras, visualized with Coomassie bril-
liant blue staining. FIG. 11B shows an overlay of size
exclusion chromatography profiles with UV (280 nm)
curves shown. FIG. 11C shows a comparison of ATPase
activity of decreasing concentrations of the EcMsbA chime-
ras, compared to WT protein. FIG. 11D shows exemplary
chemical structures of quinoline and benzophenone inhibi-
tors (Alexander et al., 2018; Ho et al., 2018). FIG. 11E
shows dose-response curves of compounds on purified
EcMsbA and EcMsbA-chim5. Data are meants.e.m. from
three independent experiments (FIGS. 11C-E). IC,, values
(FIG. 11E, in parentheses) were determined by fitting the
inhibition dose-response curve with a nonlinear four-param-
eter inhibition model (Example 3).

[0156] FIGS. 12A-B show the crystal structure of MsbA-
chimera5 which reveals putative benzophenone receptor
site. FIG. 12A shows the overall structure of MsbA-chim5 in
an inward-facing conformation. LPS is shown in spheres.
The assigned benzophenone G758 is shown as sticks. Fo-Fc
map (1.5 o, mesh) is calculated before G758 was included
in the model and refinement. FIG. 12B shows a close-up
view of the putative benzophenone binding site on MsbA
with the Fo-Fc map from FIG. 12A, and the 2Fo-Fc map (1.5
0, mesh). G758 putatively binds within a shallow, hydro-
phobic pocket around residues identified through frequency
of resistance-mapping studies (data not shown).

[0157] FIGS. 13A-D show evaluation of the biochemical
and phenotypic activity of MsbA macrocycle inhibitors.
FIG. 13A shows dose-response curves of (G1118 on purified
and amphipol-reconstituted MsbA homologues from E. coli,
E. cloacae, K. preumoniae and P. aeruginosa. F1G. 13B
shows dose-response curves of G1118 on E. coli CFT073
(WT) and CFT073 1ptD(imp4213) (imp) strains. FIG. 13C
shows dose-response curves of G1365 on purified and
amphipol reconstituted MsbA homologues from E. coli, E.
cloacae, K. pneumoniae and P. aeruginosa. F1G. 13D shows
dose-response curves of G1118 on E. coli CFT073 (WT) and
CFTO073 IptD(imp4213) (imp) strains. Data are meants.e.m.
from three independent experiments (FIGS. 13A-D). IC,,
values (in parentheses) were determined by fitting the inhi-
bition dose-response curve with a nonlinear four-parameter
inhibition model (Example 3).

[0158] FIGS. 14A-G show biochemical evaluation of
complexes used in structure studies. FIG. 14A shows chemi-
cal structures of G1118 and G1365 derivatives used in the
structure studies and for isolation of the PD-1365 resistant
mutant (G1365-12,Dopa3). Regions of the derivatives that
differ from the G1118 or G1365 parent macrocycles, i.e.,
KK, R2, 12,Dopa3, and L29*?“EE are indicated with
circles. FIGS. 14B-F shows dose-response curves of G1118
and G1365 parent and derivative macrocycles on purified
EcMsbA. FIG. 14G shows comparison of ATPase activity of
increasing concentrations of EcMsbA in the presence or
absence of Fab 12G7. Data are meanzs.e.m. from three
independent experiments (FIGS. 14B-G). IC,, values (FIG.
14B-F, in parentheses) were determined by fitting the inhi-
bition dose-response curve with a nonlinear four-parameter
inhibition model (Example 3).
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[0159] FIGS. 15A-E show cryo-EM data processing for
MsbA in complex with G1118. FIG. 15A shows the pro-
cessing pipeline. FIG. 15B shows a local resolution plot
calculated in Relion. FIG. 15C shows orientation distribu-
tion of all particles from the final round of 3D-refinement.
FIG. 15D shows an FSC plot from refinement in cisTEM.
Maximum resolution used for alignment was 4.5 A. FIG.
15E shows selected densities from cryo-EM map.

[0160] FIGS. 16A-D show macrocycle binding in the
periplasmic cleft of MsbA. In FIGS. 16 A-B, the electrostatic
surface of MsbA bound to G1118 highlights the complex
chemical environment of the macrocycle binding site.
Approximate membrane boundary and the non-enforced C2
symmetry axis are labeled. FIGS. 16C-D show the electro-
static surface of MsbA bound to G1365.

[0161] FIGS. 17A-E show cryo-EM data processing for
MsbA in complex with G1365. FIG. 17A shows the pro-
cessing pipeline. FIG. 17B shows orientation distribution of
all particles from the final round of 3D-refinement. FIG. 17C
shows an FSC plot from refinement in cisTEM. Maximum
resolution used for alignment was 4.5 A. FIG. 17D shows
local resolution plot calculated in RELION. FIG. 17E shows
selected densities from cryo-EM map.

[0162] FIGS. 18A-D show the conserved peripheral LPS
binding site. FIG. 18A shows the MsbA-G1118-LPS com-
plex with symmetrically related LPS binding sites. FIG. 18B
shows a sequence conservation analysis of EcMsbA. FIG.
18C shows electrostatic potential on the surface of MsbA in
the inward-facing, LPS-bound conformation (PDB: 5TV4).
A line of positive charge run is present from the LPS binding
site towards the central cavity. Missing side-chain atoms
were added through the Protein Preparation Wizard in
Maestro. The binding position of LPS in the outward-facing
G1118-bound structure is shown. In FIG. 18D, the structure
of MsbA-G1118-LPS (blue) is aligned with inward-facing
MsbA (white, PDB: 5TV4). Residues within 15 A of LPS
were used for alignment.

[0163] FIGS. 19A-J show evaluation of the cell growth
phenotype of MsbA peripheral LPS binding site mutants.
FIG. 19A shows a-FLAG-MsbA and a.-GroEL western blots
of solubilized extracts from E. coli MG1655 msbA-cKO
IptD)(imp4213) expressing WT or the indicated mutants of
E. coli MsbA from a pLMG18 vector, in the presence of 2%
arabinose (under these conditions, untagged WT FcMsbA is
also expressed). The blots are representative of n=2 inde-
pendent experiments. FIGS. 19B-1 show growth curves of £.
coli MG1655 msbA-cKO IptD(imp4213) expressing the
indicated WT or mutant alleles of E. coli MsbA, or a no
plasmid control, in the presence or absence of arabinose. 2%
arabinose was used to induce expression of WT E. coli
MsbA from the chromosome, whereas in the absence of
arabinose, the only source of MsbA is constitutive expres-
sion from the pLMG18 vector expressing WT or the indi-
cated mutants of £. coli MsbA. FIG. 19J shows comparison
of ATPase activity of decreasing concentrations of the
EcMsbA mutants, compared to WT protein. Data (FIGS.
19B-J) are meanzs.e.m. from three independent experi-
ments.

DETAILED DESCRIPTION

1. Definitions

[0164] Unless otherwise defined, scientific and technical
terms used in connection with the present invention shall
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have the meanings that are commonly understood by those
of ordinary skill in the art. As utilized in accordance with the
present disclosure, the following terms, unless otherwise
indicated, shall be understood to have the following mean-
ings:

[0165] In this application, the use of “or” means “and/or”
unless stated otherwise. In the context of a multiple depen-
dent claim, the use of “or” refers back to more than one
preceding independent or dependent claim in the alternative
only. Also, terms such as “element” or “component” encom-
pass both elements and components comprising one unit and
elements and components that comprise more than one
subunit unless specifically stated otherwise.

[0166] As used herein, the transition term “consisting
essentially of,” when referring to steps of a claimed process
signifies that the process comprises no additional steps
beyond those specified that would materially affect the basic
and novel characteristics of the process. As used herein, the
transition term “consisting essentially of,” when referring to
a composition or product, such as a kit, signifies that it
comprises no additional components beyond those specified
that would materially affect its basic and novel characteris-
tics.

[0167] As used herein, the singular forms “a,” “and,” and
“the” include plural referents unless the context clearly
dictates otherwise. Thus, for example, reference to “an ABC
transporter protein” includes a plurality of such transporter
proteins, and reference to “the cell” includes reference to
one or more cells (or to a plurality of cells) and equivalents
thereof known to those skilled in the art, and so forth.
[0168] As described herein, any concentration range, per-
centage range, ratio range or integer range is to be under-
stood to include the value of any integer within the recited
range and, when appropriate, fractions thereof (such as one
tenth and one hundredth of an integer), unless otherwise
indicated.

[0169] Units, prefixes, and symbols are denoted in their
Systeme International de Unites (SI) accepted form.
Numeric ranges are inclusive of the numbers defining the
range. The headings provided herein are not limitations of
the various aspects of the disclosure, which can be had by
reference to the specification as a whole. Accordingly, the
terms defined immediately below are more fully defined by
reference to the specification in its entirety.

[0170] An “ABC transporter” as used herein refers to an
ATP binding cassette (“ABC”) transporter. ABC transporters
constitute a superfamily of integral membrane proteins
found in prokaryotes and eukaryotes that are responsible for
the ATP-powered translocation of many substrates across
membranes, from small inorganic and organic molecules,
such as amino acids, sugars, nucleosides, vitamins, and
metal clusters, to larger organic compounds, including pep-
tides, lipid molecules, oligonucleotides, and polysaccha-
rides. ABC transporters can generally be grouped into
“exporters” and “importers,” although some ABC transport-
ers may fall into another group, nontransporter ABC pro-
teins.

[0171] ABC transporters have a characteristic architec-
ture, generally including at least four domains: two trans-
membrane domains (TMDs) embedded in the membrane
and two nucleotide binding domains (NBDs). ATP hydro-
lysis on the NBDs drives conformational changes in the
TMDs, resulting in alternating access from the inner side
and outer side of the membrane for one-way transport of
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substrates across the membrane. Each TMD is made up of
transmembrane alpha-helices; each TMD typically has 6-10
transmembrane alpha-helices, with most exporters having 6
transmembrane alpha-helices per TMD. The NBDs are
highly conserved. In contrast, the TMDs that create the
translocation pathway are more variable, for example,
depending on the substrate the ABC transporter is transport-
ing.

[0172] One classification system described in Thomas et
al., “Structural and functional diversity calls for a new
classification of ABC transporters,” 594 FEBS Letters 3767-
3775 (2020) (incorporated by reference in its entirety for its
description of an ABC transporter classification system),
groups ABC transporters into seven distinct types, 1-VII,
based on their TMD fold. This nomenclature system can be
universally applied and is based on ABC transporter struc-
tural information determined by sequence analysis, homol-
ogy modeling, X-ray crystallography and single-particle
cryo-electron microscopy, among other information. Type I
transporters have the following transmembrane helix orga-
nization: (5-6)+(5-6/8). Type II transporters have the fol-
lowing transmembrane helix organization: 10+10. Type III
transporters have the following transmembrane helix orga-
nization: 4-8 (T)+6-7 (S). Type IV transporters have the
following transmembrane helix organization: 6+6. Type V
transporters also have a 6+6 transmembrane helix organi-
zation and are further defined as of the ABCG/ABCA/Wzm
type on the basis of sequence similarity and known substrate
specificity. Type VI transporters also have a 6+6 transmem-
brane helix organization and are further defined as of the
LptB2FG type on the basis of distinct structural features.
Type VII transporters have the following transmembrane
helix organization: 4+4. Thus, as used herein, a “Type IV”
ABC transporter, for example, refers to an ABC transporter
that would be classified under Type IV under this classifi-
cation system, a “Type V” refers to a Type V transporter
under this system, etc.

[0173] The terms “outward-facing conformation” and
“inward-facing conformation” as used herein refer to con-
formations of the alpha-helices of the two transmembrane
domains or regions (TMDs) of ABC transporters, which are
packed in such a way that they form a transmembrane pore
that is either accessible from the inner area of a membrane
(inward-facing) or from the outside of a membrane (out-
ward-facing). In a Gram-negative bacterial cell, for instance,
an ABC transporter integrated into the inner membrane has
an inward-facing conformation in which the pore opens to
the cytoplasm and an outward-facing conformation in which
the pore opens to the periplasm (the space between the inner
membrane and the outer membrane). In a Gram-positive
bacterial cell or in a eukaryotic cell, an ABC transporter
integrated into the cell membrane has an inward-facing
conformation in which the pore opens to the cytoplasm and
an outward-facing conformation in which the pore opens to
the outside of the cell. In an ABC transporter integrated into
the membranes of subcellular organelles, such as mitochon-
dria, the ABC transporter has an outward-facing conforma-
tion in which the pore opens to the lumen of the subcellular
organelle and inward-facing conformation in which the pore
opens to the cytoplasm/cytosol. Thus, the outward-facing
conformation is one in which the pore opens to the lumen of
the organelle.

[0174] The term “periplasmic, extracellular, and/or lumi-
nal face” of an ABC transporter refers to the face or region
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of the ABC transporter that is accessible when the trans-
porter is in an outward-facing conformation, depending on
the membrane in which the transporter is located. The
“periplasmic, extracellular, and/or luminal cleft” refers to a
pocket or pore formed by the packing of alpha-helices that
is accessible in the outward-facing conformation of the
protein. In some cases, the outward portion of the ABC
transporter faces the periplasm, e.g., in a Gram-negative
bacterial ABC transporter, while in other cases it faces the
exterior of a cell (e.g., extracellular) or it faces into a lumen,
where the ABC transporter is in a subcellular organelle (e.g.,
luminal). Therefore, a “periplasmic cleft” as used herein
refers to a pocket or pore in an ABC transporter, formed by
the packing of the alpha-helices of the transmembrane
domains, that is accessible to the periplasm. An “extracel-
Iular cleft” as used herein refers to a pocket or pore in an
ABC transporter, formed by the packing of the alpha-helices
of the transmembrane domains, that is accessible to the
environment outside the cell. A “luminal cleft” as used
herein refers to a pocket or pore in an ABC transporter,
formed by the packing of the alpha-helices of the transmem-
brane domains, that is accessible to the lumen of a subcel-
Iular organelle, such as a mitochondria, endoplasmic reticu-
lum, Golgi, etc.

[0175] A “chimeric ABC transporter” as used herein refers
to an ABC transporter in which one or more of the peri-
plasmic, extracellular, or luminal facing loops and up to 50%
of the transmembrane segments on either side of the loop or
loops in question are replaced with equivalent regions of a
different ABC transporter. As an example, the diagrams in
FIGS. 1A-B show three periplasmic (or extracellular or
luminal) facing loops, each of which connects two alpha
helices that cross the membrane. As used herein, the
“equivalent regions” (also termed “corresponding regions™)
being inserted from the different ABC transporter are those
that in the same location within the protein when folded as
the residues being removed from the parental ABC trans-
porter. In some cases, the regions in the ABC transporter to
remove and replace with regions from the chimeric ABC
transporter may be determined using sequence alignments
and structural information for the two proteins.

[0176] In some cases, a chimeric ABC transporter is
formed from a parental ABC transporter and a different ABC
transporter from “homologous genes from different spe-
cies.” As used herein, this phrase means that the two genes
are members of the same gene family, and may also trans-
port the same molecules, such as representing MsbA pro-
teins from two different bacterial species such as E. coli and
another Gram-negative bacterial species.

[0177] The term “Gram-negative bacteria” as used herein
refers to bacteria that do not retain crystal violet dye when
the Gram staining method is employed. The Gram stain is a
common method for general bacterial identification. In the
Gram stain method, bacteria may be heat fixed on a slide,
stained with crystal violet dye, flushed with iodine, decol-
orized with alcohol or another organic solvent, and then
counterstained with safranin. The Gram reaction reflects
fundamental differences in the biochemical and structural
properties of bacteria. Gram-positive bacteria remain purple
because they have a single thick cell wall that is not easily
penetrated by the solvent. Gram-negative bacteria are decol-
orized because they have cell walls with much thinner layers
that allow removal of the dye by the solvent. In the final step,
the safranin stains the Gram-negative cells red.
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[0178] The term “Gram-positive bacteria” as used herein
refers to bacteria that retain crystal violet dye when the
Gram staining method is employed. The Gram stain is a
common method for general bacterial identification. In the
Gram stain method, bacteria may be heat fixed on a slide,
stained with crystal violet dye, flushed with iodine, decol-
orized with alcohol or another organic solvent, and then
counterstained with safranin. The Gram reaction reflects
fundamental differences in the biochemical and structural
properties of bacteria. Gram-positive bacteria remain purple
because they have a single thick cell wall that is not easily
penetrated by the solvent. Gram-negative bacteria are decol-
orized because they have cell walls with much thinner layers
that allow removal of the dye by the solvent. In the final step,
the safranin stains the Gram-negative cells red.

[0179] The term “peptide” as used herein refers to a chain
of fifty amino acids or less linked by peptide bonds, includ-
ing amino acid chains of 2 to 50, 2 to 15, 2 to 10, 2 to 8, or
6 to 14 amino acids.

[0180] The term “small molecule” as used herein refers to
an organic molecule having a molecular weight of 50
Daltons to 2500 Daltons.

[0181] The term “macrocycle” or “macrocylic molecule”
as used herein refers to a cyclic macromolecule or a mac-
romolecular cyclic portion of a macromolecule. Macro-
cycles range in size from 500 Daltons to 2000 Daltons. In
some cases herein, macrocycles are cyclic peptides or pep-
tide derivatives.

[0182] The term “binding fragment™ as used herein refers
to a portion of a larger molecule, such as a small molecule,
peptide, or antibody, that is expected to directly contact the
ABC transporter. Binding fragments may be used in high-
throughput screens.

[0183] In this disclosure, “binds™ or “binding” or “specific
binding” and similar terms, when referring to a molecule
that “binds” to an ABC transporter protein or chimeric ABC
transporter protein, for example, means that the binding
affinity is sufficiently strong that the interaction between the
members of the binding pair cannot be due to random
molecular associations (i.e. “nonspecific binding”). Thus,
the binding is selective or specific. Such binding typically
requires a dissociation constant (K,) of 100 uM or less (i.e.,
corresponding to an affinity of 100 uM or greater), and may
often involve a K, of 20 uM or less, 10 uM or less, 1 uM
or less, or 500 nM or less.

[0184] The term “competition assay” as used herein refers
to an assay in which a molecule being tested prevents or
inhibits specific binding of a reference molecule to a com-
mon target.

[0185] The term “ATPase assay” refers to an assay used to
measure the degree of conversion of ATP to ADP by a
protein, such as an ABC transporter protein.

[0186] The term “treat,” as well as words stemming there-
from, as used herein, does not necessarily imply 100% or
complete treatment. Rather, there are varying degrees of
treatment, including, for example, reducing at least one
symptoms or of a condition, in some cases, for example,
about 100%, about 90%, about 80%, about 70%, about 60%,
about 50%, about 40%, about 30%, about 20%, or about
10%. Furthermore, treatment also includes prevention, ame-
lioration, or inhibition of one or more conditions or symp-
toms of a disorder, as well as delaying the onset of the
disorder, or a symptom thereof.
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[0187] The terms “effective amount” or “therapeutically
effective amount,” as used herein, refer to a sufficient
amount of a molecule disclosed herein being administered
which will relieve to some extent one or more of the
symptoms of the disease or condition being treated, e.g., an
infection.

[0188] Other definitions are included in the sections
below, as appropriate.

II. Chimeric ABC Transporters

[0189] In some embodiments, the invention comprises
chimeric ABC transporters.

[0190] In some embodiments, to make a chimeric ABC
transporter, the starting material is a specific ABC trans-
porter (a “parental” ABC transporter). In some embodi-
ments, the parental ABC transporter is from a eukaryotic
cell. In some embodiments, the parental ABC transporter is
a human ABC transporter. In some embodiments, the paren-
tal ABC transporter is from a Gram-positive bacteria. In
some embodiments, the parental ABC transporter is from a
Gram-negative bacteria. In some embodiments, the parental
ABC transporter is one that may be embedded in a subcel-
Iular organelle membrane. In some embodiments, the paren-
tal ABC transporter is a transporter found in a particular
bacterial species selected from Escherichia coli, Entero-
bacter cloacae, Klebsiella pneumoniae, Pseudomonas
aeruginosa, Pseudomonas psychrotolerans, Candidatus
accumulibacter,  Janthinobacterium  agaricidamnosum,
Thiomicrospira cyclica, or Magnetospira strain-QH-2. In
some embodiments, the parental ABC transporter is MsbA,
e.g., Escherichia coli MsbA.

[0191] In some embodiments, after a parental ABC trans-
porter is selected, an equivalent but different ABC trans-
porter is identified, which in some embodiments is from a
different organism or species, from which amino acid
sequences or regions will be taken in order to form a chimera
with the parental transporter. In some cases, the goal is to
identify a different ABC transporter that is sufficiently
different in sequence such that a test molecule that binds to
the parental ABC transporter will not bind to the different
ABC transporter at an equivalent region, but that is other-
wise similar enough that the chimera will properly fold into
its correct architecture. In some embodiments, one identifies
the different ABC transporter by searching for a different
ABC transporter that shares 20-99% sequence identity with
the parental ABC transporter. In some embodiments, the
different ABC transporter is from a homologous gene as the
one being tested, but from a different, optionally related,
species or organism. For example, the chimera, in some
cases, may be constructed from ABC transporters of
homologous genes from two different bacterial species or
genera, or from human and mouse, or human and primate,
etc., species, such as the MsbA proteins from two different
bacterial species. In some embodiments, the three-dimen-
sional structure of the parental ABC transporter is compared
with the three-dimensional structure of a different ABC
transporter, where they are known.

[0192] In some embodiments, where the parental ABC
transporter is a human protein, the different ABC transporter
is from a homologous gene from a different eukaryotic
species. In some embodiments, the different ABC trans-
porter is from a homologous gene of a different mammalian
species. In some embodiments, where the parental ABC
transporter is from a gram-positive bacteria, the different
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ABC transporter is from another gram-positive bacteria, and
is optionally from a homologous gene in that other species.
In some embodiments, where the parental ABC transporter
is from a Gram-negative bacteria, the different ABC trans-
porter is from a Gram-negative bacteria, and optionally from
a homologous gene in that other species. In some embodi-
ments, the parental ABC transporter and the different ABC
transporter are selected from two different species selected
from: Escherichia coli, Enterobacter cloacae, Klebsiella
pneumoniae, Pseudomonas aeruginosa, Pseudomonas psy-
chrotolerans, Candidatus accumulibacter, Janthinobacte-
rium agaricidamnosum, Thiomicrospira cyclica, and Mag-
netospira strain-QH-2. In some embodiments, the chimeric
ABC transporter comprises regions of a parental ABC
transporter selected from a eukaryotic cell, a Gram-positive
bacteria, a Gram-negative bacteria, FEscherichia coli,
Enterobacter cloacae, Klebsiella pneumoniae, Pseudomo-
nas aeruginosa, Pseudomonas psychrotolerans, Candidatus
accumulibacter,  Janthinobacterium  agaricidamnosum,
Thiomicrospira cyclica, or Magnetospira strain-QH-2, and/
or MsbA and regions of a different ABC transporter selected
from a eukaryotic cell, a Gram-positive bacteria, a Gram-
negative bacteria, Escherichia coli, Enterobacter cloacae,
Klebsiella  pneumoniae,  Pseudomonas  aeruginosa,
Pseudomonas psychrotolerans, Candidatus accumulibacter,
Janthinobacterium  agaricidamnosum,  Thiomicrospira
cyclica, or Magnetospira strain-QH-2, and/or MsbA.

[0193] In some embodiments, it may be advantageous to
select a different ABC transporter that is the same type of
ABC transporter as the parental ABC transporter as defined
by the classification system in Thomas et al., “Structural and
functional diversity calls for a new classification of ABC
transporters,” 594 FEBS Letters 3767-3775 (2020) (incor-
porated by reference in its entirety for its description of an
ABC transporter classification system), which groups ABC
transporters into seven distinct types, I-VII, based on their
trans-membrane domain (TMD) fold. For example, in some
embodiments, the parental ABC transporter is a type ] ABC
transporter, and the different ABC transporter is a type |
ABC transporter. In some embodiments, the parental ABC
transporter is a type Il ABC transporter, and the different
ABC transporter is a type II ABC transporter. In some
embodiments, the parental ABC transporter is a type III
ABC transporter, and the different ABC transporter is a type
IIT ABC transporter. In some embodiments, the parental
ABC transporter is a type IV ABC transporter, and the
different ABC transporter is a type IV ABC transporter. In
some embodiments, the parental ABC transporter is a type
V ABC transporter, and the different ABC transporter is a
type V ABC transporter. In some embodiments, the parental
ABC transporter is a type VI ABC transporter, and the
different ABC transporter is a type VI ABC transporter. In
some embodiments, the parental ABC transporter is a type
VII ABC transporter, and the different ABC transporter is a
type VII ABC transporter.

[0194] ABC transporters have a characteristic architec-
ture, generally including at least four domains: two trans-
membrane domains (TMDs) (transmembrane segments may
be portions of TMDs) embedded in the membrane and two
nucleotide binding domains (NBDs). Each TMD is made up
of transmembrane alpha-helices; each TMD typically has
6-10 transmembrane alpha-helices, with most exporters hav-
ing 6 transmembrane alpha-helices per TMD. In some
embodiments, the ABC transporters have loops that face into
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the periplasmic, extracellular, or luminal space when the
molecule is in the outward-facing conformation, and trans-
membrane segments that connect to either side of such
loops. (See FIGS. 1A-1C.) In some embodiments, the trans-
porter has three such loops. In some embodiments, the
transporter has six such loops.

[0195] FIG. 1A shows a representation of an ABC trans-
porter from Escherichia coli. The TMDs are the portions of
the amino acid chain that cross the membrane region—these
are typically alpha-helices. The six TMDs in the represen-
tation are labeled 1 through 6. The representation also shows
loops on the periplasmic side of the membrane and loops on
the cytoplasmic side of the membrane. The loops each have
a first end that connects to a TMD, a second end that
connects to a TMD, and a portion that reaches out into the
periplasm or the cytoplasm. The ABC transporter shown has
three loops that face toward the periplasm (loops 1, 2, and
3, which correspond to loops 1, 3, and 5 of MsbA (with loops
2,4, and 6 of MsbA facing the cytoplasm) for example). The
rectangular boxes indicate the regions that may be substi-
tuted with an equivalent region from a different ABC trans-
porter, namely at least one of the loops facing toward the
periplasm, or all three of the loops, and up to 50% of the
TMD segment.

[0196] FIG. 1B shows a representation of an ABC trans-
porter from human ABC transporter ABCD4. The six TMDs
in the representation are labeled 1 through 6. The represen-
tation also shows loops on the extracellular side of the
membrane and loops on the cytosol side of the membrane.
In the representation, the loops on the extracellular side are
labeled 1 through 3. The rectangular boxes indicate the
regions that may be substituted with an equivalent region
from a different ABC transporter.

[0197] FIG. 1C shows a representation of an ABC trans-
porter from human ABC transporter ABCC1. This ABC
transporter is structured differently than the ABC transporter
from Escherichia coli and human ABCD4, also shown in
FIGS. 1A and 1B, but many of the same identifying char-
acteristics are present. For example, there are extracellular
loops, but instead of three extracellular loops like in
ABCDA4, there are six extracellular loops, which are labeled
1 through 6 in the representation. Likewise, there are twelve
TMDs, which are labeled 1 through 12 in the representation.
The rectangular boxes indicate the regions that may be
substituted with an equivalent region from a different ABC
transporter.

[0198] In each of the three representations in FIGS. 1A-C,
the rectangular boxes indicate the regions that may be
substituted with an equivalent region from a different ABC
transporter. In some embodiments, up to 50%, 0-50%,
10-50%, 25-50%, 0-10%, 0-25%, or 10-25% of the TMD on
either side of a loop being replaced in a chimera is also
replaced. In some embodiments, the disclosure comprises a
chimeric ABC transporter in which at least one periplasmic,
extracellular, or luminal facing loop and up to 50% (i.e.,
50%, 0-50%, 10-50%, 25-50%, 0-10%, 0-25%, or 10-25%)
of the transmembrane segments on either side of the loop are
replaced with equivalent regions of a different ABC trans-
porter. In some embodiments, the invention comprises a
chimeric ABC transporter in which at least one periplasmic,
extracellular, or luminal facing loop and 50% of the trans-
membrane segments on either side of the loop are replaced
with equivalent regions of a different ABC transporter. In
some embodiments, the invention comprises a chimeric
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ABC transporter in which at least one periplasmic, extra-
cellular, or luminal facing loop and up to 25% of the
transmembrane segments on either side of the loop are
replaced with equivalent regions of a different ABC trans-
porter. In some embodiments, the invention comprises a
chimeric ABC transporter in which at least one periplasmic,
extracellular, or luminal facing loop and up to 10% of the
transmembrane segments on either side of the loop are
replaced with equivalent regions of a different ABC trans-
porter. In some embodiments, the invention comprises a
chimeric ABC transporter in which wherein two or more, or
all periplasmic, extracellular, or luminal facing loops and up
to 50% (i.e., 50%, 0-50%, 10-50%, 25-50%, 0-10%, 0-25%,
or 10-25%) of the transmembrane segments on either side of
each loop are replaced with equivalent regions of a different
ABC transporter.

[0199] In some embodiments, predictions of the location
(i.e., boundaries) of loops and transmembrane segments in
the parental ABC transporter and in the different ABC
transporter may be made based on available experimental
structure templates from the Protein Data Bank (PDB) when
available; or, alternatively, by using the closest available
PDB structural template and standard homology modeling
approaches and software (i.e. Swiss-Modell, Phyre2, MOE).
In some embodiments, in the absence of a suitable PDB
template, predictions of the location (i.e., boundaries) of the
loops and transmembrane segments in the ABC transporter
and in the different ABC transporter may also be made using
standard databases or algorithms (i.e. Uniprot, TMHMM
server, etc.).

[0200] In some embodiments, once the ABC transporter
and the different ABC transporter and the location of at least
one loop and/or transmembrane segment in each have been
identified, a region of the ABC transporter may be replaced
with a region from the different ABC transporter to create a
chimeric ABC transporter. In some embodiments, for
example, if a region from the ABC transporter is loop 1, an
equivalent region from the different ABC transporter is also
loop 1. In some embodiments, for example, if a region from
the ABC transporter is 25% of the transmembrane segment/
TMD 1, an equivalent region from the different ABC trans-
porter is also 25% of the transmembrane segment/TMD 1.
[0201] In some embodiments, where the ABC transporter
is MsbA, the chimeric ABC transporter comprises EcMsbA
(amino acid sequence available at Uniprot P60752) in which
one or more of EcMsbA residues L.eud7-Pro68 in periplas-
mic loop 1 (L1), EcMsbA residues Metl59-Leul71 in
periplasmic loop 3 (L3), and EcMsbA residues Ala262-
11e292 in periplasmic loop 5 (L5) are replaced with equiva-
lent regions of Pseudomonas psychrotolerans (PpMsbA;
Uniprot AOA1GSPELO). (The nomenclature of the loops
here considers both periplasmic and cytoplasmic loops,
where [L1, .3, and L5 face the periplasm and 1.2, [ 4, and L6
face the cytoplasm. Thus, L1, .3, and L5 of EcMsbA are
equivalent to loops 1, 2, and 3 shown in FIG. 1A))
Sequences are based on the amino acid sequence of the F.
coli protein, which has accession number Uniprot P60752
(see www (dot) uniprot (dot) org entry P60752), incorpo-
rated by reference herein. See also the Sequence Table
(Table 7) herein.

[0202] In some embodiments, the chimeric ABC trans-
porter comprises EcMsbA in which periplasmic loop 1 (L1,
EcMsbA residues Leud7-Pro68), periplasmic loop 3 (L3,
EcMsbA residues Met159-Leul71), and periplasmic loop 5
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(LS, EcMsbA residues Ala262-11e292) are replaced with
equivalent regions of Candidatus accumulibacter sp. SK-12
(CaMsbA; Uniprot AOAO1INLL4).

[0203] In some embodiments, the chimeric ABC trans-
porter comprises FcMsbA in which one or more of EcMsbA
residues Leud7-Pro68 in periplasmic loop 1 (L1), EcMsbA
residues Met159-Leul71 in periplasmic loop 3 (L3), and
FcMsbA residues Ala262-11e292 in periplasmic loop 5 (LS)
are replaced with equivalent regions of Janthinobacterium
agaricidamnosum (JaMsbA; Uniprot AOA3G2E7N4).
[0204] In some embodiments, the chimeric ABC trans-
porter comprises EcMsbA in which one or more of EcMsbA
residues Leud7-Pro68 in periplasmic loop 1 (L1), EcMsbA
residues Met159-Leul71 in periplasmic loop 3 (L3), and
EcMsbA residues Ala262-11e292 in periplasmic loop 5 (LS)
are replaced with equivalent regions of Thiomicrospira
cyclica from strain DSM 14477 (TcMsbA; Uniprot
F6DCYO0).

[0205] In some embodiments, the chimeric ABC trans-
porter comprises EcMsbA residues Leud7-Pro68 in periplas-
mic loop 1 (L1), EcMsbA residues Metl59-Leul71 in
periplasmic loop 3 (L3), and FcMsbA residues Ala262-
11€292 in periplasmic loop 5 (L5) are replaced with equiva-
lent regions of Magnetospira sp. strain-QH-2 (MgMsbA;
Uniprot W6KCN7).

II1. Screening Methods Using Chimeric ABC
Transporters

[0206] The present disclosure encompasses, inter alia,
methods of identifying molecules that bind to the periplas-
mic, extracellular, and/or luminal face of a particular ABC
transporter protein using a chimeric version of that protein
as described above. In some cases, the methods identify
molecules that bind to the periplasmic, extracellular, and/or
luminal cleft of the protein.

[0207] In some embodiments, the methods comprise
determining whether a test molecule binds to the periplas-
mic, extracellular, and/or luminal face of a parental ABC
transporter, comprising (a) providing a chimeric ABC trans-
porter, as described above, in which one or more regions of
the periplasmic, extracellular, and/or luminal face of the
parental ABC transporter are substituted with one or more
equivalent regions of the periplasmic, extracellular, and/or
luminal face of a different ABC transporter; and (b) con-
tacting the chimeric ABC transporter with a test molecule
that binds to the parental ABC transporter in an outward-
facing conformation, wherein the test molecule is deter-
mined to bind to the periplasmic, extracellular, and/or lumi-
nal face of the parental ABC transporter if the test molecule
does not bind to the chimeric ABC transporter.

[0208] In some cases, a molecule is first tested to deter-
mine whether it binds to the parental ABC transporter in the
outward-facing conformation, e.g., by (a) trapping the
parental ABC transporter in the outward-facing conforma-
tion and then (b) selecting a test molecule that binds to the
parental ABC transporter in the outward-facing conforma-
tion before completing the above steps. Thus, after this
selection, the method comprises (c¢) providing a chimeric
ABC transporter, as described above, in which one or more
regions of the periplasmic, extracellular, and/or luminal face
of the parental ABC transporter are substituted with one or
more equivalent regions of the periplasmic, extracellular,
and/or luminal face of a different ABC transporter; and (d)
contacting the chimeric ABC transporter with the test mol-
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ecule of (b) that binds to the parental ABC transporter in an
outward-facing conformation, wherein the test molecule is
determined to bind to the periplasmic, extracellular, and/or
luminal face of the ABC transporter if the test molecule does
not bind to the chimeric ABC transporter. In either of these
methods, in some embodiments, the methods further com-
prise trapping the chimeric ABC transporter in an outward-
facing conformation prior to contacting the chimeric ABC
transporter with the test molecule. In the methods above, the
ABC transporter and/or the chimeric ABC transporter may
be trapped in an outward-facing conformation by treating
the ABC transporter and/or the chimeric ABC transporter
with Mg>*, ATP, and vanadate (e.g., a vanadate or orthova-
nadate anion).

[0209] These basic steps are also illustrated, for example,
in FIG. 6. As depicted in FIG. 6, ABC transporters have both
an inward-facing and an outward-facing conformation. Pre-
viously identified ABC transporter binders such as those in
the quinoline class bind to the inward-facing conformation,
as shown in FIG. 6 in the second panel form the left. As
described herein, the transporter can also be trapped in an
outward-facing conformation by treatment with agents such
as a combination of Mg®*, ADP, and vanadate, thus exposing
the periplasmic, extracellular, or luminal face of the protein,
and the associated periplasmic, extracellular, or luminal
cleft. FIG. 6. To selectively identify molecules that bind to
the periplasmic, extracellular, and/or luminal face or its
associated cleft, a counter-selection may be performed using
the appropriate chimeric ABC transporter described above
(FIGS. 1A-1C, 2A-2C, and 6). One may select for molecules
that bind to the parental ABC transporter but that do not bind
to the chimera under the appropriate assay conditions, e.g.,
chimera null binders.

[0210] In some embodiments, the methods are performed
with either the test molecule or the ABC transporter immo-
bilized, such as on a bead or matrix platform. In some cases,
the parental ABC transporter and/or chimeric ABC trans-
porter is immobilized on a bead or matrix platform, such as
using biotin/streptavidin or a similar set of reagents. Where
beads are used for immobilization, they can have any shape,
such as flakes or chips, spheres, pellets, etc. A matrix may be
comprised of beads or smaller particles, and could be, for
example, a slurry or gel, which, in turn, could be placed onto
a plate or chip, such as a microwell plate or the like. In some
embodiments, the matrix or beads are coated with strepta-
vidin, avidin, or deglycosylated-avidin. In some embodi-
ments, the beads are magnetic beads, for example, to facili-
tate their collection during an assay by use of magnetic
instruments. For example, in some cases, the protein may be
biotinylated and then exposed to a matrix or beads coated
with streptavidin, thus allowing for the protein to become
attached to the matrix or beads.

[0211] In certain assays herein, such as those in which the
parental and/or chimeric ABC transporter is immobilized
while test molecules are in solution, molecules that are
determined to bind to the particular transporter may be
identified as those that remain bound to the immobilized
transporter under the assay conditions following incubation
and washing of the immobilized transporter, and thus, that
elute from the protein-bound matrix or beads upon addition
of elution buffer. Molecules that do not bind to the particular
transporter protein in the assay may be identified as those
that are not eluted (e.g., in more than trace levels) upon
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addition of elution buffer, and thus, that are removed from
the immobilized protein upon washing the protein-bound
matrix or beads.

[0212] In some embodiments, the parental ABC trans-
porter or chimeric ABC transporter is solubilized in a
detergent or similar molecule that mimics a biological
membrane so that it maintains an appropriate fold and ability
to form a correct outward-facing conformation. Exemplary
detergents or related molecules or systems for solubilizing
ABC transporters and/or chimeric ABC transporters include
lauryl maltose neopentyl glycol (LMNG), and in some
embodiments, 0.02% LMNG, as well as dodecyl-8-D-malto-
side (DDM), brij-35, glycol-diosgenin, digitonin, amphi-
phols such as amphiphol A8-35, and lipid nanodiscs. For
example, detergents may solubilize the transporter to stabi-
lize it, while amphiphols may effectively wrap around the
hydrophobic portions of the protein to stabilize them, and
the protein may also be stabilized in a type of lipid bilayer
created by lipid nanodiscs.

[0213] Insomeembodiments, a library of test molecules is
screened. The library may be contacted with a chimeric ABC
transporter on a matrix or beads and then washed at least
once with a wash buffer to remove non-binding molecules.
Bound test molecules are then eluted and analyzed. Mol-
ecules that bind preferentially to an ABC transporter in the
outward-facing conformation compared to the related chi-
meric ABC transporter in its outward-facing conformation
may be identified as those that bind to the periplasmic,
extracellular, and/or luminal face of the ABC transporter,
since those regions are mutated in the chimeric ABC trans-
porter.

[0214] In some embodiments, further experiments are
performed on molecules selected in the above screens, for
example, to determine their binding affinity for each of the
parental ABC transporter and the chimeric ABC transporter,
and to determine how they impact the function of the ABC
transporter. Thus, for example, in some embodiments, an
ATPase assay is performed to determine the ATP to ADP
activity of the ABC transporter in the presence of the
identified molecule. In some embodiments, an identified
molecule that bind to the periplasmic, extracellular, and/or
luminal face of the ABC transporter may act as an inhibitor
of'the ATPase activity of the ABC transporter. ATPase assays
are known in the art and various commercial kits are
available, such as the Tanscreener ADP2 Assay (BellBrook
Labs, Cat. #3010-1K) and the Molecular Probes ATP Deter-
mination Kit (Thermofisher, Cat. #A22066).

[0215] In some embodiments, the binding affinity of the
identified molecule for the parental ABC transporter and/or
the chimeric ABC transporter may be determined. In some
cases, this can be done in an ELISA assay similar to that
used in the initial screening, to obtain an IC,, value, for
example. In some cases, a competition ELISA assay may
also be performed, for example, using the parental ABC
transporter bound to a matrix or beads and a chimeric ABC
transporter free in solution or vice versa. A molecule that
binds to the parental ABC transporter in preference over the
corresponding chimeric ABC transporter should bind to the
parental ABC transporter to a roughly equivalent extent in
the presence and in the absence of the chimeric ABC
transporter. Such an assay may be performed, for example,
to verify that a particular test molecule or a molecule
identified in a prior screen is selective for the periplasmic,
extracellular, and/or luminal face of the transporter. In some
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embodiments, a binding assay may be performed in cell
culture, to test for binding to the parental ABC transporter in
the cell membrane of a cell or otherwise in its normal
cellular state. Other types of binding assays are known in the
art.

[0216] In some embodiments, one or more functional
assays may be performed to test the effect of molecules
identified in a screen on the function of the parental ABC
transporter. For example, in some cases, a molecule that
binds to the periplasmic, extracellular, and/or luminal face of
an ABC transporter acts as an inhibitor of the transporter.
For example, if inhibition of an ABC transporter activity is
expected to result in loss of cell viability or reduction of cell
growth, for example, then a cell viability or growth assay
can be conducted to determine if presence of the identified
molecule affects these parameters. In some cases, other
assays may be conducted to determine the impact of a
molecule on the function of the transporter. In some cases,
the transport of the transporter’s substrate in the presence
and absence of the molecule can be tested. For example, in
the case of MsbA, tested in the Examples below, certain
binding molecules were found to slow LPS transport by the
protein on the basis of electron microscopy (EM) analyses.
Lack of LPS transport causes a stacking of inner and outer
membranes at the surface of a bacterial cell that is clearly
visible by EM. See FIG. 3E for example. Appropriate
functional assays for the ABC transporter in question are
known or may be readily developed based on knowledge in
the art.

IV. Test Molecules for Screening Methods

[0217] In some embodiments, the disclosure comprises
screening methods that test particular types of molecules, as
well as molecules identified by any of the screening methods
described herein as binding to the periplasmic, extracellular,
and/or luminal face or cleft of a particular ABC transporter.
In some cases, the identified molecules do not bind to the
chimeric ABC transporter used in the screening methods,
but do bind to the parental ABC transporter on which the
chimera is based. In some cases, the identified molecules
bind to the parental ABC transporter with an affinity at least
10 fold tighter than to the chimeric ABC transporter used in
the screen. In some cases, the identified molecules bind to
the parental ABC transporter with an affinity at least 100 fold
tighter than to the chimeric ABC transporter used in the
screen. In some cases, the identified molecules bind to the
parental ABC transporter with an affinity at least 1000 fold
tighter than to the chimeric ABC transporter used in the
screen.

[0218] In some embodiments, the molecule to be tested is
a peptide. In some embodiments, the peptide is a 6-14-mer
peptide, such as a 6-12-mer, a 6-10-mer, a 6-8-mer, an
8-12-mer, an 8-10-mer, or the like. In some embodiments,
the peptide is a 14-mer. See Table 3 and FIG. 3F. In some
embodiments, the peptide is an 6-10 mer. In some embodi-
ments, the peptide is an 8-10 mer. In some embodiments, the
peptide is an 6-8 mer. In some embodiment, the peptide is an
8-mer. See FIGS. 3E and 3G-L, and Table 5. In some
embodiments, the peptide is a 3-40-mer, a 3-20-mer, a
4-16-mer, a 4-14-mer, or a 6-14-mer, such as a 3-mer, 4-mer,
5-mer, 6-mer, 7-mer, 8-mer, 9-mer, 10-mer, 11-mer, 12-mer,
13-mer, 14-mer, 15-mer, 16-mer, 17-mer, 18-mer, 19-mer,
20-mer, 21-mer, 22-mer, 23-mer, 24-mer, 25-mer, 26-mer,
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27-mer, 28-mer, 29-mer, 30-mer, 31-mer, 32-mer, 33-mer,
34-mer, 35-mer, 36-mer, 37-mer, 38-mer, 39-mer, or 40-mer.
[0219] Insome embodiments, the peptide is a macrocycle.
In some embodiments, the macrocycle is a 6-14 mer mac-
rocycle, such as a 6-12-mer, a 6-10-mer, a 6-8-mer, an
8-12-mer, an 8-10-mer, or the like. In some embodiments,
the macrocycle is a 14-mer macrocycle. See Table 3 and
FIG. 3F. In some embodiments, the macrocycle is an 6-10
mer macrocycle. In some embodiments, the macrocycle is
an 8-10 mer macrocycle. In some embodiments, the mac-
rocycle is an 6-8 mer macrocycle. In some embodiments, the
macrocycle is an 8-mer macrocycle. See FIGS. 3E and
3G-L, and Table 5. In some embodiments, the macrocycle is
a 3-40-mer, a 3-20-mer, a 4-16-mer, a 4-14-mer, or a
6-14-mer, such as a 3-mer, 4-mer, 5-mer, 6-mer, 7-mer,
8-mer, 9-mer, 10-mer, 11-mer, 12-mer, 13-mer, 14-mer,
15-mer, 16-mer, 17-mer, 18-mer, 19-mer, 20-mer, 21-mer,
22-mer, 23-mer, 24-mer, 25-mer, 26-mer, 27-mer, 28-mer,
29-mer, 30-mer, 31-mer, 32-mer, 33-mer, 34-mer, 35-mer,
36-mer, 37-mer, 38-mer, 39-mer, or 40-mer macrocycle. In
some embodiments, the macrocycle has at least one lipo-
philic side-chain and at least one positively charged side-
chain.

[0220] In some embodiments, the molecule to be tested in
a screen herein is a small molecule. In some embodiments,
the molecule to be tested is an antibody, which may include
not only full length antibodies of any of IgG, IgM, IgA, IgD,
and IgE, but also an antigen binding fragment of an anti-
body, such as an Fv, Fab', (Fab")2, scFv, or the like, a
nanobody, single-chain antibody, bispecific or multispecific
antibody.

[0221] In some embodiments, the molecule to be tested is
a binding fragment of a peptide, a binding fragment of a
small molecule, or a binding fragment of an antibody (e.g.,
an antigen binding fragment).

[0222] Also encompassed herein are particular macro-
cycles identified in screens for binders of E. coli MsbA. In
some embodiments, the macrocycle is G1118, which is a
14-mer macrocycle. See FIGS. 3F, 4A-D, and 6. G1118 was
identified as binding to E. coli MsbA, for example, with an
1C4, for binding to MsbA in an imp E. coli strain (in which
the outer membrane is permeable) of 5 nM. See FIG. 3F.
G1118 has the sequence ClAc-
FWWLWDDVSWWMeFVCNH2 (SEQ ID NO: 1) or
ClAc-FWWLWDDVSWWMeFVCGKKNH2 (SEQ ID NO:
2). In some embodiments, the macrocycle is G1365, which
is an 8-mer macrocycle. See FIGS. 3E, 3G-L, and 4J-N.
G1365 has the sequence ClAc-FVYBphMeFRVCNH2
(SEQ ID NO: 3). G1365 was identified as binding to imp £.
coli MsbA, for example, with a biochemical IC, 0of 300 nM,
and which has an affinity for the £. coli MsbA that is at least
10-fold tighter than that for the MsbA from Acinetobacter
baumannii (A. bau.), when tested in imp strains with per-
meable outer membranes. See FIGS. 3G-L and Table 5
below.

[0223] Macrocyclic peptide activators tested include the
14-mer G1118 (SEQ ID NO: 1 or 2), as well as macrocyclic
peptides G1119 (ClAc-FWWLWSDMeGDWWMeFVC-
NH2; SEQ ID NO: 10) and G1122 (ClAc-
FRYLWMeAWGLVWDNC-NH2; SEQ ID NO: 11), and the
8-mer G1365 (SEQ ID NO: 3).

[0224] In some embodiments, a molecule identified in a
screen herein binds to the ABC transporter with a K, of 20
UM or less. In some embodiments, the molecule binds to the
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ABC transporter with a K, of 10 uM or less. In some
embodiments, the molecule binds to the ABC transporter
with a K, of 20 nM or less. In some embodiments, the
molecule binds to the ABC transporter with a K, of 500 nM
or less. In some embodiments, the molecule binds to the
ABC transporter with a K, of 1 nM or less. In some
embodiments, the molecule binds to the ABC transporter
with a K, of 1 to 20 pM. In some embodiments, the
molecule binds to the ABC transporter with a K, of 10 to 20
uM. In some embodiments, the molecule binds to the ABC
transporter with a K, of 1 nM to 20 pM. In some embodi-
ments, the molecule binds to the ABC transporter with a K,
of 1 nM to 500 nM. In some cases, the identified molecules
do not bind to the chimeric ABC transporter used in the
screening methods, but do bind to the parental ABC trans-
porter on which the chimera is based. In some cases, the
identified molecules bind to the parental ABC transporter
with an affinity at least 10 fold tighter than to the chimeric
ABC transporter used in the screen. In some cases, the
identified molecules bind to the parental ABC transporter
with an affinity at least 100 fold tighter than to the chimeric
ABC transporter used in the screen. In some cases, the
identified molecules bind to the parental ABC transporter
with an affinity at least 1000 fold tighter than to the chimeric
ABC transporter used in the screen. Binding affinity may be
determined by methods known in the art.

[0225] In some embodiments, a molecule that is identified
as binding to a particular ABC transporter can be used as a
positive control or as a competitor in assays used for
screening other test molecules. For example, in some meth-
ods, a molecule is identified as binding to the periplasmic,
extracellular, or luminal face or cleft of an ABC transporter
by determining that it competes with a molecule already
known to bind to the periplasmic, extracellular, or luminal
face or cleft of the same ABC transporter. For example, in
the case of E. coli MsbA, the macrocycles G1118 and
G1365, as well as G1119 and G1122 can be used as
competitive agents or positive controls in assays to look for
additional binders. In some such embodiments, screening
may identify a molecule that competes with G1118, G1119,
and/or G1122 for binding to the periplasmic face of E. coli
MsbA when it is trapped in an outward-facing conformation,
such as by treatment with Mg>*, ATP, and vanadate. In some
embodiments, the molecule inhibits binding of G1118,
G1119, and/or G1122 to the ABC transporter by at least 50,
60, 70, 80, 90 or 100% in a competition assay. In some such
embodiments, screening may identify a molecule that com-
petes with G1365 for binding to the periplasmic face of E.
coli MsbA when it is trapped in an outward-facing confor-
mation, such as by treatment with Mg**, ATP, and vanadate.
In some embodiments, the molecule inhibits binding of
(1365 to the ABC transporter by at least 50, 60, 70, 80, 90
or 100% in a competition assay.

[0226] In some embodiments, a 14-mer macrocyclic pep-
tide may comprise a sequence as follows: ClacF-X1-X2-L-
X3-X4-D-X5-X6-X7-X8-MeF-V-C (SEQ ID NO: 17),
wherein: X1 is W, V,orY; X2is WorY; X3 is Wor Y; X4
is S, D, V, or H; X5 is N, wherein Nis chosen from any
natural amino acid other than C, or a non-natural amino acid
chosen from Bph ((S)-3-([1,1'-biphenyl]-4-y1)-2-aminopro-
panoic acid), Dopa (L-3,4-dihydroxyphenylalanine), MeF
(N-methyl-L-phenylalanine), and MeG (N-methyl-L-gly-
cine); X6is Y, K, A, S, D, R, or V; X7 is W, Y, or Bph; and
X8 is W or Y; optionally wherein the peptide further
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comprises a G residue following the C residue at the
C-terminal end, and wherein ClacF is N-chloroacetyl L-phe-
nylalanine, Bph is (S)-3-([1,1'-biphenyl]-4-y1)-2-aminopro-
panoic acid, Dopa is L.-3,4-dihydroxyphenylalanine, MeF is
N-methyl-L-phenylalanine, and MeG is N-methyl-L-gly-
cine. In some cases, X1 is W or Y. In some cases, X1 is W.
In some cases, X2 is W. In some cases, X3 is W. In some
cases, X4 is S, D, V, or H. In some cases, X4 is D. In some
cases, X51s V, D, H, G, or Y. In some cases, X5 is V or H.
In some cases, X5 is V. In some cases, X6 is D or S. In some
cases, X6 is S. In some cases, X7 is W. In some cases, X8
is W. In some of the above embodiments, the macrocycle
cyclizes due to a thioether linkage between the N-terminal
chloroacetyl group of ClacF and the sulthydryl group of the
C residue.

[0227] In some embodiments, an 8-mer macrocyclic pep-
tide may comprise a sequence as follows: ClacF-X1-Y-Bph-
MeF-X2-V-C (SEQ ID NO: 19), wherein: X1is V, S, Y, W,
Dopa, L, V, A, R, K, or D; and X2 is R, V, Dopa, or Y;
wherein ClacF is N-chloroacetyl L-phenylalanine, Bph is
(S)-3-([1,1'-biphenyl]-4-yl)-2-aminopropanoic acid, Dopa is
L-3,4-dihydroxyphenylalanine, and MeF is N-methyl-L-
phenylalanine. In some cases, X1is S, Y, L, V, A, R, K, or
D. In some cases, X1 is V or Y. In some cases, X1 is V. In
some cases, X2 is R or Y. In some cases, X2 is R. In some
embodiments, the macrocycle cyclizes due to a thioether
linkage between the N-terminal chloroacetyl group of ClacF
and the sulfhydryl group of the C residue.

[0228] In other cases, the macrocycle has the sequence of
G1118, G1119, or G1122 (SEQ ID Nos: 1 or 2 (for G1118),
10 (G1119), or 11 (G1122)). In yet other cases, the macro-
cycle has the sequence of G1365 (SEQ ID NO: 3).

[0229] Insome embodiments, the peptide or macrocycle is
conjugated to another molecule, such as an antibiotic or
antimicrobial, optionally wherein the conjugation is at the
C-terminal amino acid residue of the sequence. In some such
cases, the antibiotic or antimicrobial is a polymyxin, such as
polymyxin B or polymyxin E.

V. Molecular Complexes

[0230] In some embodiments, the disclosure comprises a
molecular complex comprising an ABC transporter as
described herein bound to a molecule, such as a peptide,
small molecule, antibody, or binding fragment of a peptide,
small molecule, or antibody. In some embodiments, the
invention comprises a molecular complex comprising an
ABC transporter and a macrocycle, which in some embodi-
ments is a 6-14-mer, 6-10-mer, 6-8-mer, or 8-10-mer mac-
rocycle. In some embodiments, the molecule binds to the
ABC transporter with a K, of 20 uM or less, 10 uM or less,
20 nM or less, 500 nM or less, 1 nM or less, 1 to 20 uM, 10
to 20 uM, 1 nM to 20 uM, and/or 1 nM to 500 nM. In some
embodiments, the disclosure comprises a molecular com-
plex comprising a chimeric ABC transporter as described
herein bound to a molecule, such as a peptide, small mol-
ecule, antibody, or binding fragment of a peptide, small
molecule, or antibody. In some embodiments, the invention
comprises a molecular complex comprising a chimeric ABC
transporter and a macrocycle, which in some embodiments
is an 8-10-mer macrocycle.

[0231] In some embodiments, the molecule is a peptide. In
some embodiments, the peptide is a 6-14 mer peptide, such
as a 6-12-mer, a 6-10-mer, a 6-8-mer, an 8-12-mer, an
8-10-mer, or the like. In some embodiments, the peptide is
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a 14-mer. See Table 3 and FIG. 3F. In some embodiments,
the peptide is an 6-10 mer. In some embodiments, the
peptide is an 8-10 mer. In some embodiments, the peptide is
an 6-8 mer. In some embodiment, the peptide is an 8-mer.
See FIGS. 3E and 3G-L, and Table 5. In some embodiments,
the peptide is a 3-40-mer, a 3-20-mer, a 4-16-mer, a 4-14-
mer, or a 6-14-mer, such as a 3-mer, 4-mer, 5-mer, 6-mer,
7-mer, 8-mer, 9-mer, 10-mer, 11-mer, 12-mer, 13-mer,
14-mer, 15-mer, 16-mer, 17-mer, 18-mer, 19-mer, 20-mer,
21-mer, 22-mer, 23-mer, 24-mer, 25-mer, 26-mer, 27-mer,
28-mer, 29-mer, 30-mer, 31-mer, 32-mer, 33-mer, 34-mer,
35-mer, 36-mer, 37-mer, 38-mer, 39-mer, or 40-mer.

[0232] Insome embodiments, the peptide is a macrocycle.
In some embodiments, the macrocycle is a 6-14 mer mac-
rocycle, such as a 6-12-mer, a 6-10-mer, a 6-8-mer, an
8-12-mer, an 8-10-mer, or the like. In some embodiments,
the macrocycle is a 14-mer macrocycle. See Table 3 and
FIG. 3F. In some embodiments, the macrocycle is an 6-10
mer macrocycle. In some embodiments, the macrocycle is
an 8-10 mer macrocycle. In some embodiments, the mac-
rocycle is an 6-8 mer macrocycle. In some embodiments, the
macrocycle is an 8-mer macrocycle. See FIGS. 3E and
3G-L, and Table 5. In some embodiments, the macrocycle is
a 3-40-mer, a 3-20-mer, a 4-16-mer, a 4-14-mer, or a
6-14-mer, such as a 3-mer, 4-mer, 5-mer, 6-mer, 7-mer,
8-mer, 9-mer, 10-mer, 11-mer, 12-mer, 13-mer, 14-mer,
15-mer, 16-mer, 17-mer, 18-mer, 19-mer, 20-mer, 21-mer,
22-mer, 23-mer, 24-mer, 25-mer, 26-mer, 27-mer, 28-mer,
29-mer, 30-mer, 31-mer, 32-mer, 33-mer, 34-mer, 35-mer,
36-mer, 37-mer, 38-mer, 39-mer, or 40-mer macrocycle. In
some embodiments, the macrocycle has at least one lipo-
philic side-chain and at least one positively charged side-
chain.

[0233] Insome embodiments, the molecule in the complex
is a small molecule. In some embodiments, the molecule is
an antibody, which may include not only full length anti-
bodies of any of IgG, IgM, IgA, IgD, and IgE, but also an
antigen binding fragment of an antibody, such as an Fv, Fab',
(Fab")2, scFv, or the like, a nanobody, single-chain antibody,
bispecific or multispecific antibody.

[0234] In some embodiments, the molecule is a binding
fragment of a peptide, a binding fragment of a small
molecule, or a binding fragment of an antibody (e.g., an
antigen binding fragment).

[0235] Insome embodiments, the molecule in the complex
is G1118, G1365, G1119, or G1122. In some embodiments,
the molecule in the complex competes with macrocycle
G1118, G1119, and/or G1122 for binding to the periplasmic
face of an ABC transporter such as E. coli MsbA, for
example, when the ABC transporter is trapped in an out-
ward-facing conformation by treatment with Mg**, ATP, and
vanadate. In some embodiments, the molecule inhibits bind-
ing of G1118, G1119, and/or G1122 to the ABC transporter
by at least 50, 60, 70, 80, 90 or 100% in a competition assay.
In some embodiments, the molecule competes with macro-
cycle G1365 for binding to the periplasmic face of an ABC
transporter such as E. coli MsbA, for example, when the
ABC transporter is trapped in an outward-facing conforma-
tion by treatment with Mg>*, ATP, and vanadate. In some
embodiments, the molecule inhibits binding of G1365 to the
ABC transporter by at least 50, 60, 70, 80, 90 or 100% in a
competition assay.
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VI. Uses

[0236] In some embodiments, the ABC transporter is a
bacterial ABC transporter. For example, in some cases, the
bacterial ABC transporter is a potential target for antibiotics,
for instance, due to a relatively low sequence homology to
mammalian ABC transporters. In some cases, the bacterial
ABC transporter is an MsbA transporter from a bacterial
species or pathogen. In some cases, the screening methods
herein may be used to identify molecules that inhibit a
bacterial ABC transporter. Such molecules may have anti-
biotic activity. For example, the macrocycles G1118 and
G1365 described herein were each found to inhibit LPS
transport activity of . coli MsbA and also to inhibit cell
growth. Thus, the present disclosure also encompasses the
use of molecules identified in the screens herein against a
bacterial ABC transporter in treating an infection in a
subject, such as a bacterial infection.

VII. Kits

[0237] The present disclosure also includes kits compris-
ing reagents associated with screening methods herein. In
some cases, kits comprise chimeric ABC transporters. In
some cases, kits comprise reagents used in screening meth-
ods herein, either with or without particular chimeric ABC
transporters. In some cases, kits comprise parental (non-
chimeric) ABC transporters.

[0238] In some embodiments, kits herein may comprise
parental or chimeric ABC transporters attached to a matrix.
In some embodiments, kits herein may comprise ABC
transporters attached to matrix particles such as beads. Such
beads can have any shape, such as flakes or chips, spheres,
pellets, etc. In some embodiments, such beads are strepta-
vidin-coated beads, avidin-coated beads, or deglycosylated-
avidin-coated beads. In some embodiments, such beads are
magnetic beads. ABC transporters may or may not be
pre-attached to a matrix. In some embodiments, reagents are
included to facilitate attachment of ABC transporters to
beads or to a matrix, such as through biotin-streptavidin or
a similar system.

[0239] In some embodiments, kits may comprise reagents
associated with screening methods herein. In some embodi-
ments, kits may include some or all of the necessary reagents
for determining whether a test molecule binds to the peri-
plasmic, extracellular, and/or luminal face of an ABC trans-
porter. Kits may comprise, for example, one or more deter-
gents for solubilizing ABC transporters and/or chimeric
ABC transporters. Exemplary detergents or related mol-
ecules or systems for solubilizing ABC transporters and/or
chimeric ABC transporters include lauryl maltose neopentyl
glycol (LMNG), and in some embodiments, 0.02% LMNG,
as well as dodecyl-B-D-maltoside (DDM), brij-35, glycol-
diosgenin, digitonin, amphiphols such as amphiphol A8-35,
and lipid nanodiscs. Kits may comprise, for example, ATP,
Mg2+, vanadate, and/or sodium orthovanadate, or other
reagents that trap ABC transporters in an outward-facing
conformation. Kits may comprise, for example, one or more
wash buffers. In some embodiments, wash buffer may com-
prise Tris, MgCl,, LMNG, ATP, DTT, and/or sodium ortho-
vanadate. In some embodiments, kits may comprise one or
more elution buffers. In some embodiments, kits may com-
prise reagents for quantitative PCR. In some embodiments,
kits may comprise reagents to running ATPase assays on
ABC transporters in the presence or absence of a test
molecule.
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[0240] In some embodiments, kits may comprise test
molecules or libraries of test molecules, such as peptides,
small molecules, and/or antibodies. In some embodiments,
peptides in the kit may be macrocycles. In some embodi-
ments, the kit may comprise test molecules that are a binding
fragment of a peptide, small molecule, or antibody. Kits may
also include control molecules, such as positive controls
known to bind to the periplasmic, extracellular, and/or
luminal face of a particular ABC transporter, or negative
controls that do not bind at that location, or that bind to a
chimeric ABC transporter but not to its parental ABC
transporter.

[0241] Kits may comprise, for example, detection reagents
for detecting binding. Kits may also comprise control mol-
ecules and reagents to be used with control molecules.
[0242] In some embodiments, kits may also comprise
directions for use.

EXAMPLES

[0243] The following are examples of methods and com-
positions of the disclosure. It is understood that these
Examples are not meant to limit the disclosure, but only to
exemplify it, and that various other embodiments may be
practiced, given the general description provided above.

Introduction

[0244] MSsbA is an essential ATP-binding cassette (ABC)
transporter in Gram-negative bacteria that is responsible for
flipping lipopolysaccharide (LPS) across the inner mem-
brane (IM) for subsequent transport to the cell surface.
Structural studies have defined an alternating access mecha-
nism for LPS transport by MsbA, but how substrate selec-
tivity is achieved was unknown. Prior structures of apo
MsbA revealed an inward-facing conformation with LPS
bound in a central vestibule, shielded from the bulk phos-
pholipid bilayer. In this encapsulated location, the LPS is
coordinated by a ring of conserved basic residues with all
acyl chains enclosed in a hydrophobic cavity.

[0245] An unbiased high-throughput screen was per-
formed with purified WT EcMsbA. By monitoring MsbA
ATPase activity, quinoline and benzophenone classes of
inhibitors were found to trap the inward-facing confirmation
by targeting membrane-exposed binding sites. While these
efforts validated MsbA as a potential antibacterial target,
neither small molecule series could be progressed due to
their high lipophilicity and poor physiochemical properties.
Notably, all small molecule modulators of ABC transporters
that have been structurally characterized to date also bind to
inward-facing states, raising the possibility that traditional
drug discovery approaches are inherently biased towards
these inward-facing states. Thus, whether any state of the
transport cycle of MsbA is permissible to drug discovery
was a fundamental open question.

[0246] To overcome the challenges associated with target-
ing a hydrophobic, membrane-embedded binding site in
MsbA, a new inhibitor discovery strategy was devisedA
solvent-accessible region on the periplasmic face of MsbA
was targeted in order to discover inhibitors with improved
physiochemical properties. Notably, a key aspect of the
MsbA transport cycle is the pronounced shift from inward-
to outward-facing states, which exposes a large solvent
accessible cleft to the periplasm (FIG. 6, Panel 1). Under
biochemical conditions, MsbA can be trapped in an out-



US 2024/0183860 Al

ward-facing conformation that stabilizes this periplasmic
cleft for potential inhibitor discovery. Id and FIG. 3A. To
bias selections towards the solvent-exposed periplasmic
cleft, a counter-selection strategy was employed using
MsbA chimeras in which the periplasmic face of the trans-
membrane segments was replaced en masse with sequences
from distantly-related ABC transporters (FIGS. 3A and
9A-1B, and Example 7). After multiple rounds of screening
with enrichment, G1118 and G1365 were identified as two
macrocycle compounds that bind MsbA. Both G1118 and
(1365 were selective and state-dependent in their binding of
MsbA, and demonstrated potent biochemical and pheno-
typic activity. High resolution structures of these macro-
cycles in complex with MsbA define the molecular basis for
their state-dependent inhibition and represent the first known
antagonists that target the outward-facing cleft in an ABC
transporter. Thus, our strategy presents a template for the
development of selective modulators of MsbA and poten-
tially for other challenging drug targets.

Example 1: Materials and Methods for the
Preparation and Expression of Chimeric MsbA
Transporter Proteins

[0247]

[0248] The wild-type MsbA transporter sequence from
Escherichia coli (E. coli) MsbA (EcMsbA; UniProtKB:
P60752) was used in a BLAST search to identify homolo-
gous proteins in other Gram-negative bacterial species.
Through reiterative rounds of BLAST searching, candidate
MsbA transporters with overall sequence identity to
FcMsbA of ~40%, including within the periplasmic loop
regions, were selected for further consideration. Multi-
sequence alignments and structural homology models
(SWISSPROT) of the putative MsbA homologs were then
manually analyzed to select candidates for subsequent chi-
meric construct engineering. Based these analyses, the puta-
tive MsbA transporters from the Gram-negative strains
Pseudomonas  psychrotolerans (PpMsbA), Candidatus
accumulibacter (CaMsbA), Janthinobacterium agaricidam-
nosum (JaMsbA), Thiomicrospira cyclica (TcMsbA), and
Magnetospira strain-QH-2 (MqMsbA) were selected for
chimerization to EcMsbA. To generate the chimeras, the
corresponding sequences of periplasmic loop 1 (L1,
EcMsbA residues Leud7-Pro68), periplasmic loop 3 (L3,
EcMsbA residues Met159-Leul71) and periplasmic loop 5
(LS, EcMsbA residues Ala262-11e292) were simultaneously
replaced with the equivalent regions of the putative MsbhA
homologues, generating the chimeric constructs (FIG. 10A).

[0249] The five chimeric constructs were synthesized
(Genscript) and cloned into a pET-52b expression vector
(EMD Millipore) modified for restriction-independent clon-
ing. The chimeras were then overexpressed by autoinduction
fermentation at 17° C. for 64 hours, using E. coli host
Rosetta 2 (DE3; EMD Millipore). Cells were harvested and
the chimeras purified as previously described for wild-type
Escherichia coli (E. coli) MsbA (EcMsbA; Ho et al., Nature
557(7704): 196-201 (2018)). Chimeras generated using peri-
plasmic sequences from the putative CaMsbA (MsbA"2),
TcMsbA (MsbA“*™%), and MgMsbA (MsbA ™) could be
readily expressed and purified from E. coli, with recovery
yields similar to WT MsbA. The final buffer for the purified
MsbA chimeric proteins was 20 mM Tris pH 8.0, 100 mM

a. Design of Chimeric Proteins
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NaCl and 0.005% lauryl maltose neopentyl glycol (LMNG;
wt/v). Protein aliquots were flash frozen and stored at —80°
C.

b. Protein Expression and Purification

[0250] The wild-type (WT) MsbA transporter from
Escherichia coli (E. coli, EcMsbA), as well as the periplas-
mic chimeras, were expressed and purified as described
previously (Ho et al., 2018), using n-Dodecyl-a-D-Malto-
side (aDDM, for cryo-EM structural studies and some
biochemical assays, as indicated; Anatrace), lauryl maltose
neopentyl glycol (LMNG, for biochemical assays; Ana-
trace), or 3a-hydroxy-7a,120-di-((O-p-D-maltosyl)-2-hy-
droxyethoxy)-cholane (FA3, for crystallography studies) as
the solubilizing detergents. The WT MsbA proteins from
Enterobacter cloacae (E. cloacae; EnMsbA), Klebsiella
preumoniae (K. pneumoniae; KpMsbA), and Pseudomonas
aeruginosa (P, aeruginosa; PaMsbA) were similarly
expressed and purified, using LMNG as the solubilizing
detergent. The final buffer for the purified wild-type MsbA
proteins was 20 mM Tris pH 8.0, 100 mM NaCl and 0.03%
(wt/v) DDM or 0.02% LMNG (wt/v). Protein aliquots were
flash frozen and stored at -80° C.

[0251] In some cases, a recognition motif for E. coli BirA
biotin ligase (GLNDIFEAQKIEWHE; SEQ ID NO: 18) was
included between the amino terminal FLAG affinity tag
sequence, to allow for efficient site-specific biotinylation of
the purified MsbA (Avidity). Evaluation of the ATPase
activity and pharmacology of the chimeras revealed that
these large sequence changes could be tolerated without
significant loss of biochemical activity or apparent structural
alteration of the known antagonist receptor site. In particu-
lar, MsbA "™ replaced the periplasmic face of EcMsbA
with sequences from the putative MsbA homologue from
Magnetospira spirillum strain-QH-2, yet retained sensitivity
to both the quinoline and benzophenone classes of previ-
ously identified small molecule MsbA inhibitors.

[0252] For biochemical evaluation of the E. coli MsbA
point mutants, WT EcMsbA and the Tyr87Ala/Trp91Ala
(FcMsbA  Y87A/W91A) and Lys95Ala/Arg238Ala
(EcMsbA K95A/R238A) mutants were synthesized (Gen-
script) and cloned into a modified p15A plasmid (pLMG18)
(Storek et al., 2018), downstream of the Ptac promoter.
[0253] MsbA was overexpressed using E. coli host BL.21
and induction was performed with 1 mM IPTG at 37° C. for
3 hours.

[0254] Cells expressing MsbA were harvested and resus-
pended in 50 mM Tris, pH 8.0, 500 mM NaCl (Buffer A)
supplemented with cOmplete™ Protease Inhibitors (Roche),
1 mM phenylmethylsulfonyl fluoride (PMSF) and 2 units/
ml of Benzonase nuclease (Sigma-Aldrich). Following cell
lysis by microfiuidization, LMNG was added to 1% (wt/v)
and protein solubilization was carried out with gentle agi-
tation at 4° C. overnight. After centrifugation at 185,000xg
for 1 hour, clarified supernatant was mixed gently with
anti-FLAG M2-agarose resin (Sigma) pre-equilibrated with
Buffer B (Buffer A supplemented with 0.005% LMNG
(wt/v)) for 1-2 hours at 4° C. FLAG resin was collected by
gravity flow, washed twice with ten column volumes of
Buffer B, and eluted twice with three column volumes of
Buffer B supplemented with 0.2 mg/ml. FLAG peptide.
Each wild-type or mutant MsbA protein was passed over a
Superdex® 200 column (GE Healthcare) or a Superose 6
Increase column (Cytiva) in 20 mM Tris pH 8.0, 100 mM
NaCl and 0.005% LMNG (wt/v). The peak fractions con-
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taining MsbA were pooled and concentrated to 5-10 mg/mlL
using Vivaspin® centrifugal devices (50K molecular weight
cutofl). Protein aliquots were flash frozen and stored at —80°
C.

c. Reconstitution Into Amphipols

[0255] Where the use of amphipol-incorporated MsbA is
indicated, the purified MsbA in detergent was adjusted to 1
mg/mL and reconstituted into A8-35 amphipols (Zoonens &
Popot, 2014) (Anatrace) as described previously (Ho et al.,
2018). The final buffer for the purified, amphipol-incorpo-
rated MsbA proteins was 20 mM Tris pH 8.0 and 100 mM
NaCl. Protein aliquots were flash frozen and stored at —80°
C.

d. Sequence Conservation Analysis

[0256] MsbA sequences from the enterobacteriaceae fam-
ily of Gram-negative bacteria (taxid: 543) were identified
using a BLAST search against the refseq_select database
using EcMsbA as a query sequence (Uniprot ID: P60752). A
total of 118 sequences from this search annotated as MsbhA
homologs were aligned using Constraint-based Multiple
Alignment Tool (COBALT) (Papadopoulos & Agarwala,
2007). The multisequence alignment was loaded into Chi-
meraX and the sequence conservation was determined using
the sum of pairs method in AL2CO (Pei & Grishin, 2001).

Example 2: Screening Materials and Methods for
Identifying MsbA-Binding Macrocycles

[0257] a. Macrocyclic Peptide Library Design

[0258] Peptide macrocycles were tested to identify mol-
ecules binding to the periplasmic face of EcMsbA, using a
counterselection with the chimeric MsbA proteins (FIG.
3A). A thioether-macrocyclic peptide library was con-
structed by using N-chloroacetyl L-phenylalanine (ClAc-F)
as an initiator in a genetically reprogrammed in vitro trans-
lation system (Kashiwagi et al., 2013). The genetic code was
designed with the addition of N-methyl-L-phenylalanine
(MeF) and (S)-3-([1,1'-biphenyl]-4-yl)-2-aminopropanoic
acid (Bph), in addition to all 20 natural amino acids except
cysteine. After in vitro translation, a thioether bond formed
spontaneously between the N-terminal ClAc group of the
initiator L-phenylalanine residue and the sulthydryl group of
a downstream cysteine residue to generate the macrocyclic
peptides.

b. Selection of Periplasmic MsbA-Binding Molecules
[0259] Affinity selection of macrocyclic peptides binding
to MsbA was performed using site-specifically biotinylated
EcMsbA solubilized in 0.02% LMNG and trapped in an
outward-facing conformation by inclusion of 50 uM ATP, 10
mM Mg?* and 200 uM sodium orthovanadate throughout
the selections. Briefly, 10 uM mRNA library was hybridized
with a peptide-linker (11 uM) at room temperature (RT) for
3 minutes. The mRNA library was translated at 37° C. for 30
minutes in the reprogrammed in vitro translation system to
generate the peptide-mRNA fusion library (Goto et al., 2011;
Kawakami et al.,, 2013). Each reaction contained 2 uM
mRNA-peptide-linker conjugate, 12.5 uM initiator tRNA
(tRNAfMet aminoacylated with ClAc-L-Phe), and 25 pM of
each elongator tRNA aminoacylated with the specified non-
canonical/canonical amino acids. In the first round of selec-
tions, translation was performed at 20 pl, scale. After the
translation, the reaction was quenched with 17 mM EDTA.
The product was subsequently reverse-transcribed using
RNase H minus reverse transcriptase (Promega) at 42° C. for
30 minutes and buffer was exchanged for vanadate buffer: 50
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mM Tris pH 7.5, 10 mM MgCl,, 0.02% LMNG (wt/v), 50
uM ATP, 1 mM DTT and 200 uM sodium orthovanadate.

[0260] For affinity selection, the peptide-mRNA/cDNA
solution was incubated with 250 nM biotinylated FcMsbA
and 500 nM EcMsbAChim5 as sink for 60 minutes at 4° C.
The streptavidin-coated beads (Dynabeads™ M-280
Streptavidin, ThermoFisher Scientific) were further added
and incubated for 10 minutes to isolate macrocycles binding
to the periplasmic face of EcMsbA. The beads were washed
three times with cold vanadate buffer, the cDNA was eluted
from the beads by heating for 5 minutes at 95° C., and
fractional recovery from the affinity selection step was
assessed by quantitative PCR using Sybr Green I on a
LightCycler™ thermal cycler (Roche). After six rounds of
affinity maturation, two additional rounds of off-rate selec-
tions were performed by increasing the wash stringency
before elution to identify high affinity binders. Sequencing
of the final enriched cDNA was carried out using a MiSeq
next generation sequencer (Illumina).

c. Mutational Scan of G1118 and G1365 Macrocycles

[0261] For the mutational scan of the G1118 (Table 4
below) and G1365 (Table 6 below) macrocycles, site satu-
ration DNA libraries were constructed based on these paren-
tal sequences by pooling multiple DNA templates, each
containing a single ‘NNU” degenerate codon at different
positions so that, after translation, every single amino acid
change to the parental sequence was sampled. The genetic
code was designed with the addition of Pro, Lys, Ala, Dopa
(L-3,4-dihydroxyphenylalanine), and MeG (N-Methyl-L-
glycine), in addition to the amino acids used in the parental
peptides. After in vitro translation, one round of affinity
selections was performed independently using the two mac-
rocyclic libraries as described above. The input and recov-
ered output DNA pools were subjected to deep sequencing
by NGS. The enrichment factor for each single mutant was
calculated as follows: the NGS frequency in the output pool
divided by the one in the input pool, normalized by the
parent value.

Example 3: Materials and Methods for
Characterization of MsbA Enzyme Variants and
Bacterial Strains

[0262] a. Plasmids

The following plasmids (Table 1) were used in E. cofi
phenotypic studies.

TABLE 1

Plasmids.

Plasmid name Description

pLMG18 Low-copy IPTG-inducible expression vector
with chloramphenicol resistance marker.
WT MsbA and mutants display constitutive
‘leaky’ expression without IPTG

induction, to levels comparable to
endogenous WT MsbA (FIG. 19A). (Storek

et al., 2018)
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TABLE 1-continued

Plasmids.

Plasmid name Description

pLMG18-EcMsbA E. coli MsbA ORF cloned into pLMGI8.
(Alexander et al., 2018)

E. coli MsbA ORF with N-terminal FLAG
tag cloned into pLMG18. Peripheral LPS
binding site mutants are also cloned

into this vector.

pLMG18-FLAG-EcMsbA

b. MsbA ATPase Assay

[0263] The ATPase activity of MsbA was measured using
a Transcreener ADP2 FP Assay (BellBrook Labs). To deter-
mine the IC;, of MsbA inhibitors, compounds were incu-
bated with 2x MsbA enzyme solution for 10 min and then 2x
ATP solution was added to initiate the ATPase reaction. The
final condition for the reaction was MsbA enzyme, 50 uM
ATP in 50 mM Tris pH 7.5, 10 mM MgCl2, 1% glycerol,
0.1% bovine gamma globulin, 1 mM dithiothreitol (DTT),
0.007% Brij-35 and 0.5% dimethylsulfoxide (DMSO). The
following concentrations were used for each MsbA variant:
5 nM of EcMsbA, EnMsbA, KpMsbA and 80 nM PaMsbA
reconstituted in amphipol, 15 nM EcMsbA and EcMsbA-
chim5 in LMNG detergent, 22 nM EcMsbA and 27 nM
EcMsbA-12G7 complex in aDDM detergent. The enzyme
reaction was incubated for 1 hour at room temperature, then
quenched by adding the Transcreener Detection Buffer. The
1C5, was determined by fitting the inhibition dose-response
curve with a nonlinear four-parameter inhibition model
(GraphPad Prism).

c. Cellular IC,, Determination

[0264] The cellular ICs,’s of various bacterial strains
(Table 2) were determined.

TABLE 2

Bacterial Strains.

Strain name Description

MG1655 msbA-cKO
IptD(imp4213)

E. coli K12 with arabinose-inducible
conditional knockout of msbA and
permeable outer membrane (Alexander

et al., 2018)

E. coli K12 with permeable outer membrane
(Alexander et al., 2018)

E. coli K12 with permeable outer membrane,
resistant to G1365

E. coli clinical isolate from a urinary

tract infection (ATCC 700928)

E. coli clinical isolate with permeable

outer membrane (Ho et al., 2018)

MG1655 IptD(imp4213)
MG1655 IptD(imp4213)
msbA(D252N)

CFT073

CFTO073 IptD(imp4213)

[0265] 200 nL aliquots of eight 2-fold dilutions of each
compound were dispensed in duplicate into 384-well plates
using an Echo Liquid Handler (Labcyte). Strains were
grown in cation-adjusted Mueller Hinton Broth with 0.002%
Tween overnight for 16 hours, washed with PBS, resus-
pended at OD¢,,=1 in cation-adjusted Mueller Hinton Broth
with 0.002% Tween and 10% glycerol, and frozen in 100 ml
aliquots. For each experiment, aliquots were thawed on ice
and diluted 1:1000 into cation-adjusted Mueller Hinton
Broth with 0.002% Tween. 10 uL cells/well were added to
384-well plates containing compound. Plates were incubated
for 6 hours at 37° C., then 10 pl. BacTiter-Glo reagent

Jun. 6, 2024

(Promega) was added to each well and luminescence was
measured. IC,,’s were calculated using Genedata Screener
software.

d. Time Course of Growth of E. Coli Complemented With
MsbA Alleles

[0266] Cultures of E. coli MG1655 msbA-cKO IptD
(imp4213) carrying a pLMGI18 vector expressing WT or
mutant alleles of E. coli MsbA were grown overnight at 37°
C. in 5 mLL LB with 10 pg/ml chloramphenicol and 2%
arabinose to induce expression of WT E. coli MsbA from the
chromosome. Overnight cultures were pelleted, washed with
5 ml phosphate-buffered saline, and resuspended in LB at
OD600=1. Each culture was then diluted 1:100 into 5 mL
LB, 5 mLL LB+2% arabinose. All cultures were grown on a
roller drum at 37° C., and OD600 was measured hourly.
Growth curves were repeated three times on different days.
e. Western Blot

[0267] Cultures of E. coli MG1655 msbA-cKO IptD
(imp4213) carrying a pLMGI18 vector expressing WT or
mutant alleles of E. coli MsbA were grown overnight at 37°
C. in 5 mLL LB with 10 pg/ml chloramphenicol and 2%
arabinose to induce expression of WT E. coli MsbA from the
chromosome. The no-plasmid control strain was grown
under the same conditions, but without chloramphenicol.
Overnight cultures were diluted 1:100 in 15 mL of the same
media in 50-ml conical tubes and grown with shaking for 3
hours at 37° C. These cultures were pelleted, washed with 15
mL PBS, and resuspended at OD600=1 in L.B. Each culture
was then diluted 1:100 in 20 mL LB for strains expressing
E. coli MsbA alleles or the no-plasmid control, or 20 mL.
LB+1 mM IPTG for strains expressing 4. baumannii MsbA
alleles. 7.5 mL of each of the OD=1 cells were pelleted and
lysed as the 2% arabinose samples. The diluted cultures
were grown for 3 hours at 37° C., then pelleted and lysed.
[0268] To generate lysates, each sample was resuspended
in 500 pl MSD Lysis buffer (150 mM NaCl, 20 mM Tris, pH
7.5, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100)+15
mg/ml lysozyme and incubated 30 minutes at 37° C.
Lysates were pelleted at 4° C. for 10 minutes at full speed
in a microcentrifuge, and the supernatant was transferred to
a clean tube. Samples were resolved in MES buffer on
20-well 4-12% Bis-Tris midi gels (BioRad), with loading
normalized to ODg,, using GroEL as a loading control.
Western transfer to nitrocellulose was carried out using an
iBlot system (Thermo Fisher Scientific). Membranes were
blocked with Odyssey TBS blocking buffer (Li-Cor, #927-
50000), and detected with 1:1000 anti-FLAG M2 (Sigma,
#F3165)+1:10000 anti-GroEL (Enzo, #ADI-SPS-875), fol-
lowed by 1:10000 each of IRDye 800CW anti-mouse and
IRDye 680RD anti-rabbit (Li-Cor, #925-32210 and #926-
68071).

f. MIC Assays

[0269] Broth MICs were determined in cation-adjusted
Mueller-Hinton broth with 0.002% Tween-80, as previously
described (Ho et al., 2018).

g. Isolation of PD-1365 Resistant Mutant

[0270] MG1655 IptD(imp4213) was inoculated at an
0Dy, 0f 0.005 in a 96-well plate with 100 pL/well Mueller-
Hinton broth+0.002% Tween-80+50 uM G1365-12,Dopa3
(4x MIC), and grown for two days at 37° C. G136512,
Dopa3 is a close analog of G1365 with two amino acid
substitutions (Val2lle and Tyr3Dopa; FIG. 14A). Cultures
from the two wells that displayed growth were streaked on
an LB agar plate containing 50 uM G1365-12,Dopa3; only



US 2024/0183860 Al

one culture produced colonies on the selective plate. The
MsbA ORF from this resistant strain was PCR amplified and
sequenced, revealing a point mutation resulting in an amino
acid change from aspartic acid to asparagine at residue 252.
MIC assays on the parent strain and the msbA(D252N)
mutant confirmed that the MIC of G1365-12,Dopa3
increased from 12.5 uM in the parent strain to 100 uM in
MG1655 IptD(imp4213) msbA(D252N).

Example 4: Electron Microscopy Materials and
Methods

[0271] Electron microscopy of E. coli CFT073 IptD
(imp4213) or CFT073 IptD(imp4213) msbA-cond-ko cells
rescued with pLMG18 plasmids expressing the indicated E.
coli MsbA mutants was performed as described previously
(Ho et al., 2018). Where the use of macrocycle or small
molecule inhibitor of MsbA is indicated, an overnight cul-
ture of CFT073 IptD(imp4213) grown in LB was diluted
1:100 in LB and grown into log phase for 2.5 hours at 37°
C., then pelleted, washed twice with PBS, and resuspended
at ODg,=0.1 in LB. 50 pl of a 10 mM stock of the indicated
inhibitor was then added to 5 mL of the resuspended
CFTO073 1ptD(imp4213), and cultures were incubated for 3
hour at 37° C. Cells were pelleted, washed, fixed and
processed for transmission electron microscopy, as
described previously (Ho et al., 2018).

Example 5: Synthesis of Macrocycle Compounds

[0272] a. Synthesis of Benzophenone (G758)

HN K>CO;3
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tBuO

Step 1: Tert-butyl 2-(4-methylpiperidin-1-yl)acetate

[0273] A mixture of 4-methylpiperidine (25.0 g, 252.1
mmol), potassium carbonate (104.5 g, 756.3 mmol) and
tert-butyl bromoacetate (49.2 g, 252.1 mmol) in acetonitrile
(400 mL) was stirred at 25° C. for 12 hours and concentrated
under reduced pressure. The residue was purified by column
chromatography eluting with 0% to 30% ethyl acetate in
petroleum ether to afford tert-butyl 2-(4-methyl-1-piperidyl)
acetate (45.0 g, 189.9 mmol, 75.3% yield) as a pale yellow

solid.
O
)K/N
HO

Step 2: 2-(4-methylpiperidin-1-yl)acetic Acid

[0274] A solution of tert-butyl 2-(4-methyl-1-piperidyl)
acetate (45.0 g, 211.0 mmol) and hydrochloric acid (4 N,
369.2 mL, 1476.7 mmol) in acetic acid (150 mL) was stirred
at 25° C. for 14 hours and concentrated under reduced
pressure to give the crude product. This crude was used
directly without further purification. 1H NMR (400 MHZ,
DMSO-d6): 8 4.07 p.p.m. (s, 2H), 3.42 (br. s., 2H), 3.02 (br.
s., 2H), 1.77 (d, J=12.8 Hz, 2H), 1.59 (br. s., 1H), 1.51-1.36
(m, 2H), 0.92 (d, J=6.8 Hz, 3H).

J LT

Step 3: 2-(4-methylpiperidin-1-yl)acetyl Chloride

[0275] To a mixture of 2-(4-methyl-1-piperidyl)acetic acid
(1.0 g, 6.7 mmol) in dichloromethane (20 ml.) was added
oxalyl chloride (1.4 mL, 15.9 mmol) and 2 drops of N,N-
dimethylformamide. The resulting mixture was stirred at 20°
C. for 1.5 hours and concentrated under reduced pressure to
give crude 2-(4-methyl-1-piperidyl)acetyl chloride (1.0 g,
5.7 mmol, 89.5% yield). The crude was used directly for the
next step without further purification.

Cl
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Step 4: Tert-butyl
(2-bromo-6-chloropyridin-3-yl)carbamate

[0276] A solution of 2-bromo-6-chloro-pyridin-3-amine
(2.5 g, 12.1 mmol), di-tert-butyldicarbonate (2.6 g, 12.1
mmol), 4-dimethylaminopyridine (294.4 mg, 2.4 mmol) and
triethylamine (2438.78 mg, 24.1 mmol) in dichloromethane
(20 mL) was stirred at 30° C. for 12 hours and diluted with
dichloromethane (50 mL). The solution was washed with
water (2x15 mL), brine (15 ml), dried over anhydrous
sodium sulfate and concentrated under reduced pressure.
The residue was purified by column chromatography eluting
with 0% to 30% ethyl acetate in petroleum ether to afford
tert-butyl N-(2-bromo-6-chloro-3-pyridyl)carbamate (1.3 g,
4.2 mmol, 35.1% yield) as a white solid.

Step 5: Tert-butyl (6-chloro-2-((3-fluoropyridin-2-
yD)(hydroxy)methyl)pyridin-3-yl)carbamate

[0277] To a solution of tert-butyl N-(2-bromo-6-chloro-3-
pyridyl)carbamate (1.0 g, 3.25 mmol) in tetrahydrofuran (20
ml) was added butyl lithium (2.5 M in hexanes, 1.6 mL,
3.90 mmol) at -78° C. The mixture was stirred at —=78° C.
for 1 hour, then 3-fluoro-2-formylpyridine (610.1 mg, 4.88
mmol) was added. The resulting mixture was stirred at —78°
C. for 4 hours and quenched by addition of saturated
ammonium chloride (10 mL). The solution was diluted with
ethyl acetate (50 mL) and washed with water (2x10 mL),
brine (10 mL), dried over anhydrous sodium sulfate and
concentrated under reduced pressure. The residue was puri-
fied by column chromatography eluting with 0% to 40%
ethyl acetate in petroleum ether to afford tert-butyl N-[6-
chloro-2-[(3-fluoro-2-pyridyl)-hydroxy-methyl]-3-pyridyl]
carbamate (550.0 mg, 1.55 mmol, 47.8% yield) as yellow
oil.

Step 6: Tert-butyl (6-chloro-2-(3-fluoropicolinoyl)
pyridin-3-yl)carbamate

[0278] A mixture of tert-butyl N-[6-chloro-2-[(3-fluoro-2-
pyridyl)-hydroxy-methyl]-3-pyridyl|carbamate (460.0 mg,
1.30 mmol) and Dess-Martin periodinane (2.2 g, 5.20 mmol)
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in dichloromethane (15 ml.) was stirred at 20° C. for 3
hours. The reaction mixture was diluted with dichlorometh-
ane (20 mL). washed with water (2x10 mL), brine (10 mL),
dried over anhydrous sodium sulfate and concentrated under
reduced pressure. The residue was purified by column
chromatography eluting 0% to 30% ethyl acetate in petro-
leum ether to afford tert-butyl N-[6-chloro-2-(3-fluoropyri-
dine-2-carbonyl)-3-pyridyl]carbamate (300.0 mg, 0.85
mmol, 65.6% yield) as a white solid.

Step 7: Tert-butyl (6-cyano-2-(3-fluoropicolinoyl)
pyridin-3-yl)carbamate

[0279] A mixture of tert-butyl N-[6-chloro-2-(3-fluoro-
pyridine-2-carbonyl)-3-pyridyl]carbamate (230.0 mg, 0.65
mmol), tris(dibenzylideneacetone)dipalladium (59.9 mg,
0.07 mmol), zinc cyanide (383.9 mg, 3.27 mmol) and
cyclopentyl(diphenyl)phosphane iron (72.5 mg, 0.13 mmol)
in N,N-dimethylacetamide (10 mL) was heated at 90° C.
under microwave conditions for 2 hours and concentrated
under reduced pressure. The residue was purified by column
chromatography eluting 0% to 50% ethyl acetate in petro-
leum ether to afford tert-butyl N-[6-cyano-2-(3-fluoropyri-
dine-2-carbonyl)-3-pyridyl|carbamate (150.0 mg, 0.44
mmol, 67.0% yield) as a white solid.

Step 8: 5-amino-6-(3-fluoropicolinoyl)picolinonitrile
Trifluoroacetate

[0280] A solution of tert-butyl N-[6-cyano-2-(3-fluoro-
pyridine-2-carbonyl)-3-pyridyl]carbamate (120.0 mg, 0.35
mmol) and trifluoroacetic acid (4.0 mL, 51.22 mmol) in
dichloromethane (16 mL) was stirred at 15° C. for 1 hour
and concentrated under reduced pressure to afford crude
5-amino-6-(3-fluoropyridine-2-carbonyl)pyridine-2-carbo-
nitrile trifluoroacetate (84.0 mg, 0.25 mmol, 71.4% yield) as
yellow oil.
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Step 9: N-(6-cyano-2-(3-fluoropicolinoyl)pyridin-3-
y1)-2-(4-methylpiperidin-1-yl)acetamide

[0281] A mixture of 2-(4-methyl-1-piperidyl)acetyl chlo-
ride (121.8 mg, 0.69 mmol) and 5-amino-6-(3-fluoropyri-
dine-2-carbonyl)pyridine-2-carbonitrile (84.0 mg, 0.35
mmol) in tetrahydrofuran (5 mL) was stirred at 60° C. for 2
hours and concentrated under reduced pressure. The residue
was purified by reverse phase chromatography (acetonitrile
28-58/0.05% NH4OH in water) to afford N-[6-cyano-2-(3-
fluoropyridine-2-carbonyl)-3-pyridyl]-2-(4-methyl-1-pip-
eridyl)acetamide (9.40 mg, 0.02 mmol, 6.8% yield) as a
white solid. 1H NMR (400 MHZ, Methanol-d4): § 9.34
p.p-m. (d, J=8.8 Hz, 1H), 8.53 (d, J=4.8 Hz, 1H), 8.04 (d,
J=4.8 Hz, 1H), 7.85-7.78 (m, 1H), 7.72-7.63 (m, 1H), 3.23
(s, 2H), 2.95-2.85 (m, 2H), 2.35-2.23 (m, 2H), 1.68-1.49 (m,
4H), 1.45-1.36 (m, 1H), 0.96 (d, J=6.4 Hz, 3H). LCMS
(m/z): [M+H]+ caled C20H20FN502, 381.16; found 382.1.
b. Synthesis of G1118, G1365, and Derivatives

[0282] Thioether macrocyclic peptides were synthesized
using standard Fmoc solid phase peptide synthesis (SPPS).
Following coupling of all amino acids, the deprotected
N-terminus was chloroacetylated on-resin followed by
global deprotection using a trifluoroacetic acid (TFA) depro-
tection cocktail. The peptides were then precipitated from
the deprotection solution by adding over 10-fold excess
diethyl ether. Crude peptide pellets were then dissolved and
re-pelleted 3 times using diethyl ether. After the final wash,
the pellet was left to dry and then the pellet was resuspended
in DMSO followed by the addition of triethylamine for
intramolecular cyclization via formation of a thioether bond
between the thiol of the cysteine and N-terminal chloro-
acetyl group. Upon completion of cyclization, the reaction
was quenched with AcOH and the cyclic peptide was
purified using standard reverse-phase HPL.C methods. The
molecular masses were confirmed by single quadrupole
LC/MS (LCMS-2020 systems, Shimadzu).

c. Synthesis of Other 14-mer Peptides

[0283] Further 14-mer peptides were designed according
to the following formula (See, e.g., FIG. 4E for a pictoral
depiction of certain variants): ClacF-X1-X2-1.-X3-X4-D-
X5-X6-X7-X8-MeF-V-C (SEQ ID NO: 17), wherein:

[0284] i X1is W, V,orY;

[0285] ii. X2is WorY,

[0286] iii. X3 is W or Y;

[0287] iv. X41is S, D, V, or H;

[0288] V.XS5is N, wherein N is chosen from any natural

amino acid other than C, or a non-natural amino acid
chosen from Bph ((S)-3-([1,1'-biphenyl]-4-y1)-2-ami-
nopropanoic acid), Dopa (L-3,4-dihydroxyphenylala-
nine), MeF (N-methyl-L-phenylalanine), and MeG
(N-methyl-L-glycine);

[0289] vi.X6isY,K,A, S,D,R,orV,
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[0290] wvii. X7 is W, Y, or Bph; and
[0291] viii. X8 is W or Y;

optionally wherein the peptide further comprises a G residue
following the C residue at the C-terminal end, and wherein
ClacF is N-chloroacetyl L-phenylalanine, Bph is (S)-3-([1,
1'-biphenyl]-4-yl)-2-aminopropanoic acid, Dopa is [-3,4-
dihydroxyphenylalanine, MeF is N-methyl-L-phenylala-
nine, and MeG is N-methyl-L-glycine. Eleven different
molecules according to this formula were also tested for
inhibitory effects on MsbA ATPase activity, in an assay as
described in Example 3 above, and found to have IC,,
values of 0.2 to 0.8 pM. The minimum inhibitory concen-
tration (MIC) for inhibition of E. col/i MsbA (EcMsbA) was
more than 100 uM, and the ECs,, for inhibition of growth of
cells of a UPEC imp strain was from about 2 to about 8 uM
for all but one of the tested molecules (and over 100 uM for
the final tested molecule). Collectively, these data indicate
that macrocyclic peptides G1118 and related peptides
according to the formula above are generally able to inhibit
MsbA and cellular activity related to MsbA.

Example 6: Materials and Methods Related to
Protein Structure Determination

[0292] a. Protein Crystallization

[0293] Inhibitor G758 was added to MsbA-chim5 at 10
mg ml/L purified in FA3 to a final concentration of 1 mM
and incubated for 1 hour on ice. Exogenous LPS was not
added at any point. The G758-LPS-MsbA-chim5 complex
was crystallized at 19° C. using sitting-drop vapor diffusion
by mixing the complex with mother liquor (150 mM NaF,
13% PEG 3350, 100 mM HEPES, pH 7.0) at a 1:1 (v/v)
ratio. After reaching full size in one week, to improve
diffraction, the crystals were dehydrated by first soaking in
10% ethylene glycol, 15% PEG 3350, 100 mM HEPES, pH
7.0 for 30 minutes then in 20% ethylene glycol, 20% PEG
3350, 100 mM HEPES, pH 7.0 for another 30 minutes
before flash freezing in liquid nitrogen.

b. Structure Determination, Refinement and Analysis

[0294] Diffraction data were collected at 100 K using
beamline 17ID of the Advanced Light Source. X-ray dif-
fraction data were integrated and scaled using autoPROC
(Vonrhein et al., 2011) including anisotropy correction per-
formed using STARANISO (Tickle, et al. (2020) Global
Phasing Ltd; staraniso.globalphasing.org/cgi-bin/staraniso.
cgi). The structure was determined by molecular replace-
ment using PHENIX (Adams et al., 2010) using one MsbA
subunit from PDB 6BPL as the search model. Manual
adjustments to the initial solution were performed through
rigid body movement in Coot (Emsley et al., 2010). Reit-
erative rounds of refinement and model building in Coot
were guided by inspection of omit maps. Combined with the
use of omit maps at early stages in refinement, the chimera
5 sequence was replaced with the WT E. coli MsbA
sequence in the model. Strict geometry and secondary
structure restraints were applied throughout refinement to
maintain stringent stereochemistry, however, non-crystallo-
graphic symmetry restraints were ultimately not applied.
Strong omit density was apparent at very early stages for
G758, LPS (central vestibule), and unassigned detergent-
like densities, but these were modeled only at very late
stages of refinement. The geometry of the final G758-LPS-
MsbA-chim5 model was assessed using MolProbity (Chen
et al., 2010). All structural figures were prepared with the
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PyMol software (The PyMOL Molecular Graphics System
v.1.8 (Schrodinger, LLC., 2015)).

c¢. Cryo-Electron Microscopy (Cryo-EM) Sample Prepara-
tion and Data Collection

[0295] Purified MsbA was mixed 1:1 w/w with Fab 12G7.
The MsbA-12G7 complex was separated from free Fab by
size-exclusion chromatography with a running buffer con-
sisting of 20 mM Tris pH 8, 100 mM NaCl and 0.03%
aDDM. The MsbA-12G7 complex was incubated with 20
mM MgCl,, 15 mM ATP and 3.3 mM sodium vanadate for
1 hour on ice. The vanadate trapped sample was further
purified by size-exclusion chromatography with a running
buffer of 20 mM Tris pH 8, 100mM NacCl, 0.03% aDDM, 20
mM MgCl,, 15 mM ATP and 1 mM sodium vanadate. Peak
fractions were concentrated to 2 mg/ml. and incubated with
37 uM G1118 or 67 uM G1365 derivatives (FIG. 14A) and
0.007% Brij-35. After incubating with ligands for 30 min-
utes on ice, 3.5 pl. of each sample was frozen on glow-
discharged Ultrafoil 2/2 200 mesh grids using a Vitrobot at
4° C. and 100% humidity. Cryo-EM data was collected on
a Titan Krios (ThermoFisher Scientific, Waltham, MA)
operated at 300 kV equipped with a BioQuantum energy
filter with a 20 eV slit width and a K2 Summit direct electron
detector camera (Gatan, Inc, Pleasanton, CA). Images were
recorded at a nominal magnification of 165,000x with a
physical pixel size of 0.849 A. Each image stack contains 40
frames with a frame duration of 0.25 s and a total exposure
of ~40 e7/A2. Data was collected with a set defocus range of
1.0 to 2.0 um.

d. Cryo-EM Data Processing for G1118

[0296] Cryo-EM data for G1118 were processed using
cisTEM (Grant et al., 2018) (FIGS. 15A-E). A total of 9,999
movies were corrected for full-frame motion using cisTEM
and binned to a pixel size of 1.3 A. The contrast-transfer
function parameters were fit using the 30-4.0 A band of the
spectrum with CTFFIND-4 and 5,984 micrographs with
CTF resolutions better than 8 A were selected for further
processing. A total of 1,206,819 particles were picked using
cisTEM. The Ab initio model was generated using cisTEM
with particles that were well aligned in 2D class averages.
The full dataset was refined against the Ab initio model with
C1 symmetry. Angular assignments from the consensus
refinement were used for 3D classification without align-
ment. The 410,386 particles from the best class were further
manually refined by iteratively increasing the resolution
limit used for refinement. Density for the detergent micelle
and Fab were filtered to 20 A through the use of mask around
MsbA. Refinement converged to a resolution of 3.0 A
(Fourier shell correlation (FSC)=0.143, determined in
cisTEM) with frequencies up to 4 A used for alignment. For
model building and figure preparation, the map was sharp-
ened in cisTEM with the following parameters: flattening
from a resolution of 10 A, applying a pre-cut-off B-factor of
-90 A2 from the origin of reciprocal space and applying a
figure-of-merit filter.

e. Cryo-EM Data Processing for G1365

[0297] Cryo-EM data were processed using a combination
of cisTEM (Grant et al., 2018) and RELION (Scheres, 2012)
(FIGS. 17A-E). A total of 10,273 micrographs with G6671
and 17,575 micrographs for G3081 were collected. Each
dataset was corrected for full-frame motion using cisTEM
and binned to a pixel size of 1.132 A. The contrast-transfer
function parameters were fit using the 30-4.0 A band of the
spectrum with CTFFIND-4. A total of 937,971 particles for
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G6671 and 993, 151 particles G3081 were picked using
cisTEM. Each dataset was individually subjected to a round
ot 2D and 3D classification in relion. Accurate placement of
the macrocycle was not possible due to limited resolution
when processing each dataset individually. To increase the
averaging power, 218,877 particles from the G3081 dataset
and 222,975 particles from G6671 dataset were merged and
refinement used in a round of auto-refinement in cisTEM.
Density outside of an MsbA mask was filtered to 20 A. For
model building of MsbA an additional round of local refine-
ment was done with a high-res limit of 4 A yielding a 3.1 A
map (Fourier shell correlation (FSC)=0.143, determined in
cisTEM). Additional focused refinement was done with a
mask including only the TMD domain of MsbA with a
high-res limit of 4.5 A to aid in macrocycle model building
yielding a map 3.2 A with better density of G1365. For
model building and figure preparation, the maps sharpened
in cisTEM with the following parameters: flattening from a
resolution of 8 A, applying a pre-cut-off B-factor of either
-90 A2 for the MsbA map or -120 A2 for the TMD focused
refinement and applying a figure-of-merit filter. Electostatic
maps were calculated in PyMol with APBS.

f. Model Refinement

[0298] A homology model of £. coli MsbA was generated
based on the AMPPNP-bound structure of S. syphimurium
MsbA (PDB: 3B60) using SWISS-MODEL (Waterhouse et
al., 2018). The resulting model was fit as a rigid body into
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the G1118 cry-0-EM map. The model was refined through
manual adjustment in Coot (Emsley & Cowtan, 2004) and
ChimeraX (Goddard et al., 2018; Pettersen et al., 2021) with
ISOLDE (Croll, 2018) followed by real space refinement in
phenix.real_space_refinement (Afonine et al., 2018). The
macrocycle was parameterized using Corina (Molecular
Networks GmbH) and manually fit into the density. The
MsbA coordinates from the G1118 structure were subse-
quently used as the initial model for G1365 before iterative
model building. The model was validated using phenix.
validation_cryoEM with built-in MolProbity scoring. Fig-
ures were generated using UCSF ChimeraX (Goddard et al.,
2018; Pettersen et al., 2021).

Example 7: Discovery and Characterization of
Macrocylic MsbA Inhibitors

[0299] a. Comparison of Molecules Selected With and
Without Counterselection and Outward-Facing Conforma-
tion Trapping (a Preliminary Screen)

[0300] To evaluate the ability of different selection
schemes to identify 14-mer macrocycle molecules binding
selectively to the periplasmic face of MsbA, the results of
several selection schemes were compared by ELISA assay
(Table 3). Many peptides were used to show specific binding
to MsbA. The peptides exhibit both vanadate-dependent
binding and no reduction in percent recover in the presence
of a chimera.
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Binding (ELISA) Competition w/ chimera
Vo Ir y "
Yo I'roq ! vanadate - vanadate o | vanadate - vanadate Ratio
Selection Sel # : - - - - -

MsbA | Oprf | SA MsbA | Oprf | SA | Talie | - Chimera | +Chimera | -Chimera | — Chimera Chimera-

—————— - o — /Chimerat
+v. Jate 5074 | 26.09 0.65 0.04 | 0.02 0.02 0.07 | 0.02 § 334 0.31% 0.33% 1.1
1 counterscreen 5074 10.26 0.39 0.07 | 0.02 0.02 012 [ 0.02 § 223 0.98% 1.1
1 with chimera, 5074 726 044 0.03 | 0.02 0.02 0.04 [ 0.02 § 19.0 1.37% 1.0
1 in solution S074 552 Q.18 0.05 | 0.02 0.02 0.07 | 0.01 1.5 2.06% 1.4
1 S074 521 0.23 0.04 | 0.01 0.01 0.05 | 0.01 § 17.0 1.84% 1.1
S074 1.88 0.25 0.02 | 0.01 Q01 0.04 | 0.01 § 246 0.63 0.9
+ vanadatc. S076 | 10.79 0.65 0.04 | 0.01 0.02 0.06 | 0.01 § 319 1.56% 1.40% 09
NO counterscreen, S076 8.47 0.11 0.00 | 0.00 0.01 0.00 | 0.00 § 108 0.87% Oiz% 0.9
in solution S076 570 2.06 0.00 | -0.01 1.86 0.00 | 0.00 1.1 0.64% 0.86% 1.3
S076 | 2.92 242 0.03 | 0.02 225 0.05 1003 | 1.1 3.87% 232% 0.6
S076 1.61 0.08 0.03 | 0.01 0.05 0.03 | 0.02 1.5 1.72% 1.09% 0.6
NO v late, S081 | 23.78 242 0.00 | 0.00 2.22 0.00 | 0.00 1.1 0.98% 0.8
counterscreen, on 1 5081 | 1264 § 283 o003 [002 § 307 Foosa o001 ] 09 2.11% 0.7
beads ) S081 4.41 3.00 0.05 | 0.04 3.09 0.03 | 0.03 1.0 1.31% 0.8
S081 3.89 3.08 0.04 | 0.02 3.16 0.03 | 0.02 1.0 1.32% 0.7
+v. date 5082 18.24 2.19 0.00 | 0.00 2.04 0.01 | 0.00 1.1 0.78% 1.14% 1.5
NO counterscreen, S082 12.72 2.22 0.01 | 0.01 2.01 0.02 | 0.00 1.1 0.95% 0.95% 1.0
on beads 5082 734 0.00 -0.01 1 -0.01 0.01 0.01 | 0.00 | -0.6 1.10% 0.87% 0.8
5082 1.04 1.63 0.01 | 0.01 1.96 0.02 | 0.00 0.8 0.31% 0.54% 1.7
S082 2.15 1.95 0.02 | 0.02 1.82 0.02 | 0.01 1.1 0.69% 0.66% 1.0
S082 1.82 2.07 0.02 | 0.01 1.57 0.03 | 0.01 1.3 0.69% 0.80% 1.2
S082 1.48 1.20 0.03 | 0.02 1.16 0.04 | 0.01 1.0 0.87% 0.84% 1.0
S082 0.87 1.99 0.02 | 0.01 1.94 0.01 | 0.01 1.0 0.73% 0.47% 0.0
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[0301] As shown in Table 3, at top, left, a selection
performed (a) in the presence of vanadate to trap EcMsbA
in its outward-facing conformation and with a counterscreen
using the chimeric MsbA, performed in solution, led to the
identification of a group of macrocycles at frequencies of
about 26% to 2% (Table 3; % freq column, first 6 rows). A
similar set of particular macrocycles was identified when
screens were performed (b) with vanadate but with no
counterselection, performed in solution, (¢) without vana-
date but including a counterselection, on beads, and (d) with
vanadate, but with no counterselection, on beads. (See far
left column and “% freq” column of Table 3.) A subsequent
ELISA assay was performed on each of the macrocycles
identified to test binding to FcMsbA and to an unrelated
membrane protein OprF and to the streptavidin beads (SA)
in the presence and absence of vanadate to trap the FcMsbA
protein in the outward-facing conformation. The results
show that molecules selected in (a) with a counter-screen
and with vanadate, in solution, bound well to EcMsbA in the
presence of vanadate but poorly without vanadate (“+/-
ratio” column, first 6 rows), and did not bind well to either
OprF or the streptavidin beads alone under either condition.
Most of the molecules in the screens identified in conditions
(b), (c), and (d) bound EcMsbA to a similar extent whether
it was trapped in the outward-facing conformation with
vanadate or not, indicating that both trapping the protein in
the outward-facing conformation and using the chimeric
protein counterscreen was more efficient in identifying mol-
ecules that bind to the periplasmic face of EcMsbA. A
competition ELISA experiment was also performed to test
binding of the identified molecules to EcMsbA on beads in
the presence and absence of the chimeric FcMsbA protein as
a binding competitor. A similar degree of binding in the
presence and absence of EcMsbA, and thus a ratio greater
than or equal to 1.0, indicates that the molecule is selective
for EcMsbA and that the chimera does not act as a com-
petitor for binding to FcMsbA. (See the righthand column of
Table 3.) Molecules identified under the screening condi-
tions of (a) had a similar degree of binding in the presence
and absence of the chimera, as indicated by ratios at or above
1.0 in the assay. This is consistent with binding of those
molecules to the periplasmic face of EcMsbA.

b. Site-Directed Discovery of MsbA Inhibitor G1118

[0302] To enrich for molecules that specifically target the
aqueous periplasmic cleft of FEscherichia coli MsbA
(EcMsbA), structure-based homology modeling was first
used to guide the engineering of five unique chimeric
constructs that each replace the periplasmic face of the
transmembrane segments en masse with sequences of puta-
tive MsbA transporter proteins from distantly-related Gram-
negative bacteria, as assessed using iterative BLAST
searches (FIGS. 9A-12B). Of the five chimeras constructed,
chimera 2, chimera 4 and chimera 5 (MsbA-chim5) was
stably expressed and purified from E. coli (FIGS. 11A-B).
Evaluation of the ATPase activity and pharmacology of the
chimeras revealed that these large sequence changes could
be tolerated while retaining biochemical activity (FIG. 11C).
In particular, MsbA-chim5 replaced the entire periplasmic
face of EcMsbA with sequences from the MsbA homologue
from Magnetospira spirillum, yet retained comparable
ATPase activity and displayed sensitivity to both the qui-
noline (G247 and G907) and benzophenone (G758) classes
of previously identified small-molecule inhibitors of wild-
type (WT) EcMsbA (FIGS. 11D-E and 12A-B).
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[0303] Next, macrocycle selections on purified WT
EcMsbA transporter trapped in an outward-facing confor-
mation, followed by a counter-selection using a similarly
trapped MsbA chimera in which the periplasmic face of the
transmembrane segments was replaced en masse with
sequences of putative MsbA transporter proteins from dis-
tantly-related Gram-negative bacteria (FIGS. 3A and
9A-12B). Selections employed an in vitro translated peptide
macrocycle mRNA display 12-14mer library containing 10
(Karow & Georgopoulos, 1993) molecules that incorporated
natural and non-natural amino acids (Example 2). After
eight rounds of selection and counter-selection, a 14-mer
macrocycle, G1118, showed significant enrichment on WT
EcMsbA (FIG. 3B). G1118 was found to impact the ATPase
activity of EcMsbA with half-maximum inhibitory concen-
tration (IC,) of ~110 nM, and displayed >30-fold lower
potency on purified MsbA-chim5 (IC;,>5 pM), consistent
with periplasmic cleft targeting (FIG. 3C). G1118 also
inhibited the related Enterobacter cloacae and Klebsiella
preumoniae MsbA transporters with IC;,’s of ~240 and
~120 nM, respectively (FIGS. 13A-D), but had only weak
activity on Pseudomonas aeruginosa MsbA (IC5,=3.1 uM),
which has lower sequence identity with EcMsbA (~39%). E.
coli cells treated with G1118 gave rise to the distinctive
inner membrane elaboration phenotype that mirrors bacteria
depleted of MsbA (Doerrler et al., 2001), consistent with
pharmacological inhibition of MsbA (FIG. 3E). Due to the
relatively large size of G1118 (2,085 Da), cellular activity
was limited to cells containing the IptD(imp4213) allele that
confers outer membrane (OM) permeability defects (FIG.
13B), with a measured minimum inhibitory concentration
(MIC) of ~210 pg/mL. Further characterization of G1118 is
discussed in Example 8 below.

c. Site-Directed Discovery of MsbA Inhibitor G1365

[0304] To discover macrocycles with OM permeability
and growth inhibition activity on WT E. coli strains, smaller
macrocycle scaffolds were identified. These small macro-
cycle scaffolds also target MsbA at the periplasmic cleft by
performing additional selections on EcMsbA and MsbA-
chim5 using 8-10 mer macrocycle libraries. Also, a codon
table biased for lipophilic and amine-containing side-chains
was employed since it is known that small and amphiphilic
molecules that contain a primary amine are most likely to
accumulate in cells (Richter et al., 2017).

[0305] An 8-mer macrocycle, G1365, was discovered.
G1365 showed enrichment and ATPase inhibitory activity
on WT FcMsbA (IC5,=1.3 uM) relative to the MsbA-chim5
transporter (IC5,>5 uM) (FIGS. 3B and 3D). In biochemical
assays, G1365 inhibited the related Enterobacter cloacae
and Klebsiella pneumoniae MsbA transporters with 1C5,’s
of ~700 and ~660 nM, respectively (FIG. 13C), but had
more modest inhibitory activity on the distantly related
Pseudomonas aeruginosa MsbA (IC5,=7.6 pM). G1365
treatment of E. coli imp4213 mirrored the inner membrane
elaboration phenotype of bacteria depleted of MsbA, con-
sistent with on-target MsbA activity (FIG. 3E). In contrast to
the larger 14-mer macrocycle G1118, G1365 was found to
inhibit the growth of WT E. coli cells with an intact outer
membrane over the course of 6 hours with an IC5, of ~20 uM
(FIGS. 13B and 13D), although an overnight MIC could not
be determined. Whole-genome sequencing was subse-
quently performed on an isolated E. coli imp4213 mutant
resistant to a derivative of G1365 (see Methods) that
revealed a single nucleotide mutation in msbA resulting in
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an amino acid change within the periplasmic cleft of MsbA,
Asp252Asn. Further characterization of G1365 is discussed
in Example 9 below.

[0306] The data collectively identify MsbA as the cellular
target of G1365 and highlight the potential to discover
synthetic macrocycles that can cross an intact bacterial outer
membrane.

d. Additional 14-mer Macrocyclic Peptide Activators
[0307] Additional macrocyclic peptide activators tested
were G1119 (ClAc-FWWLWSDMeGDWWMeFVC-NH2,
SEQ D NO: 10) and  Gl122 (ClAc-
FRYLWMeAWGLVWDNC-NH2; SEQ ID NO: 11).
[0308] Cryo-EM analysis of G1119 and G1122 showed
that they cause stacking of extracellular membranes to an
even greater extent than G1118 (data for G1119 and G1122
not shown; see FIG. 3F for G1118 data). An IC,, for
inhibition of ATPase activity of MsbA by G1118, G1119 and
G1122 was performed (see Example 8 for method) and IC,
values of 5 nM for G1118 and G1119 and of 2 nM for G1122
were determined.

[0309] Eleven different molecules designed according to
the formula ClacF-X1-X2-L-X3-X4-D-X5-X6-X7-X8-
MeF-V-C (SEQ ID NO: 17; see Example 5 above) were also
tested for inhibitory effects on MsbA. ATPase activity, in an
assay as described in Example 3 above, and found to have
1C, values of 0.2 to 0.8 uM. The minimum inhibitory
concentration (MIC) for inhibition of E. coli MsbA
(EcMsbA) (see Example 3 for methods) was more than 100
uM, and the EC, for inhibition of growth of cells of a UPEC
imp strain was from about 2 to about 8 uM for all but one
of the tested molecules (and over 100 uM for the final tested
molecule). Collectively, these data indicate that macrocyclic
peptides G1118 and related peptides according to the for-
mula above are generally able to inhibit MsbA and cellular
activity related to MsbA.

Example 8: G1118 Binds to MsbA

[0310] a. Biochemical Characterization of G1118

[0311] Using materials and methods described in
Examples 1-5 above, G1118 was identified as macrocycle
molecule that binds MsbA. A 14-residue peptide macro-
cycle, G1118 was identified after eight rounds of enrichment
and screening. G1118 displayed potent inhibitory activity on
EcMsbA (half-maximum inhibitory concentration (ICs,) of
~110 nM), yet weak activity on the counter-selection chi-
mera (IC;,>5 uM; FIGS. 3B-C and 13A). G1118 treatment
of outer membrane permeable E. coli cells bearing the
IptD(imp4213) allele (Sampson et al., 1989) mirrored the
distinctive inner membrane elaboration phenotype that is
characteristic of MsbA depletion® (FIG. 3E), however no
activity was observed on WT E. coli with an intact outer
membrane. G1118 is a 14-mer macrocycle compound that
was identified from the macrocycle selections on purified
WT transporter trapped in an outward-facing conformation
by treatment with Mg>*, ATP and vanadate, followed by a
counterselection using similarly trapped periplasmic chi-
mera to remove macrocycles binding to regions other than
the periplasmic cleft. G1118 has potent inhibitory activity on
EcMsbA. After the counter-selection with the chimeric
MsbA, G1118 continued to show significant enrichment on
WT EcMsbA, and its inhibitory activity was consistent with
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targeting the periplasmic cleft, since G1118 displayed >30-
fold lower potency on the purified chimera. E. coli treated
with G1118 also mirrored the distinctive membrane elabo-
ration phenotype of bacteria depleted of MsbA, consistent
with on-target activity. However, G1118 cellular activity
was limited to cells also containing the imp4213 allele that
confers defects in outer membrane (OM) permeability, sug-
gesting that G1118 has difficulty in crossing the OM to reach
the MsbA protein. As G1118 represents the first potent and
selective inhibitor of MsbA targeting the periplasmic cleft,
the molecular basis for its antagonism was studied using
structural biology methods as described in Example 6 above.
b. G118 Binds to MsbA at a Periplasmic Binding Site and
Traps MsbA in an Outward-Facing State

[0312] To define the molecular mechanism by which
(1118 antagonizes MsbA a 3.0A cryo-EM structure of the
MsbA-G1118 complex in the presence of ADP-vanadate
was determined using an antigen-binding fragment of an
antibody (Fab) to aid in particle alignment (FIGS. 4A-D,
14A-C, 15A-E, and 8). Materials and methods were as
described in Example 6 above. In complex with G1118, the
MsbA homodimer adopts an outward-open conformation
with a solvent-exposed periplasmic pocket formed between
transmembrane helices TM1, TM3 and TM6 of each MsbA
subunit (FIGS. 4A-D). Strong features in the cryo-EM map
informed of the presence of a single G1118 macrocycle in
the periplasmic cleft, validating the design of the chimeric
selection strategy. (G1118 is an amphipathic peptide that
complements the complex physicochemical properties of the
MsbA periplasmic cleft, making complementary polar, van
der Waals and hydrophobic contacts and burying ~880 AZ of
solvent accessible surface area (FIGS. 16 A-B). G1118 bind-
ing is incompatible with the rearrangements necessary for
MsbA to return to the inward-facing conformation (Ho et al.,
2018; Mi et al., 2017; Ward et al., 2007), defining this
macrocycle as a state-dependent inhibitor that locks the
transporter in the outward-facing conformation to prevent
LPS transport. As G1118 was observed to cause cell killing
by inhibiting MsbA (FIG. 3E), the co-complex structure
likely represents the physiologically relevant inhibitor com-
plex.

[0313] The periplasmic receptor site for G1118 on MsbA
is found near the central axis of the transporter, extending
above and below the membrane-aqueous interface (FIGS.
4B, and 16 A-B). The MsbA dimer is highly symmetric (~0.4
A Ca RMSD), and G1118 exploits this intrinsic symmetry
by making pseudosymmetric interactions using the indole
rings of Trp109™*® and Trp1191*® to pack between Leud5,
Leu52, and 11292 on either side of the transporter between
TM1 and TM6' (FIG. 4C). Ser9''® and Trp3°'!'® form a
pair of hydrogen bonds to MsbA Lys49 and the backbone
carbonyl of Ser289', respectively (FIG. 4D). On the polar
face of G1118, a salt bridge is observed directly between
Asp79''® and Arg296, which is a highly conserved basic
residue deep within the central cavity of MsbA previously
seen to coordinate LPS in the inward-facing conformation
(FIG. 4C) (Ho et al., 2018; Mi et al., 2017). Analysis of
enriched related sequences and a mutational scan of G1118
confirms the key interactions and amphipathic nature of the
macrocycle required to interact with MsbA (FIG. 4E and
Table 4).
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Table 4. Mutational Scan of Macrocycle G1118.
Amino Macrocycle amino acid position

acid 1 2 3 4 5 6 7 8 9 10 11 12 13 14
substituted | F W W L W D D V S W W F* V C
F* 21| 15| 43 11| 12| 15| 68| 10 8] 16100 12
G* 40| 14| 36| 11 71 251221 10] 15| 18] 25| 33
S 171 13| 44 9 7] 35[1561100) 10| 19| 27| 34
G 10 29| 68| 15| 32| 54([192| 61| 15| 14| 33| 27
Y 164 69| 58 [199| 17| 31[140| 95] 48| 59| 32| 17
W 1001 100 431100) 20| 21 [105| 45f100)100) 32| 14

Dopa 3 11] S1| 60| 36| 17132 28| 34| 47| 23| 14

B* 401 11} 73| 33| 33| 14| 28] 27103 | 37| 27| 12
L 84 31100 1 0| 10| 23] 44 81 27| 17| 12
P 19] 13| 18 0| 10| 18 9 13| 36 9| 13] 20
\ 181 | 28| 130 | 28| 28| 181001107 13| 23| 15]100
A 62| 19| 57| 21| 25| 26([139| 86| 12| 25| 33| 60
R
K
D

191 13| 17| 11| 20| 13|110] 116 51 15 13 6
30 9 52| 23] 12| 20(146] 30| 16 9 15| 17

10] 26| 43 SP100) 100175 ] 62| 13 9| 32| 15
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[0314] Table 4 above shows a mutational scan of macro-
cycle G1118. The enrichment factor is shown for each
macrocycle containing the indicated substitutions at posi-
tions 2-13 of the macrocycle core (where enrichment fac-
tor=(% Frequency][target]/% Frequency|[input]), normalized
by the parent value). Amino acids identical to the parent are
indicated with a black outline. Natural amino acids are
indicated by standard single letters. Non-natural amino acids
are as follows: (1) MeF=F*, N-Methyl-L-phenylalanine; (2)
MeG=G*, N-Methyl-L-glycine; (3) Dopa, L-3,4-dihydroxy-
phenylalanine; and (4) Bph=B*, (S)-3-([1,1'-biphenyl]-4-
yD)-2-aminopropanoic acid. Overall, our biochemical and
structural studies identify a novel pharmacology and recep-
tor site within the ABC transporter family.

[0315] In summary, the structure of the complex guided
choice residues for mutational analysis. ICs, in vitro curves
showed that these residues impaired macrocycle binding.
Reciprocally, analysis of the enriched sequences from the
RNA-display selection pointed to the role of residues on the
macrocycle for affinity. Overall, the structure and cellular
activity validated the macrocycle selection strategy and the
periplasmic cleft as a druggable location critically validating
our protein engineering and selection strategy. The large size
of G1118 hampered optimization of derivatives with wild-
type activity likely due to challenges penetrating the LPS
rich outer membrane.

Example 9: Identification of G1365

[0316] a. Biochemical Characterization of G1365

[0317] Inan attempt to select for smaller macrocycles that
could overcome the OM permeability barrier, another series
of selection and chimera counter-selection was performed
using 8-10 mer macrocycles. Materials and methods were as
described above in Examples 1-5. A codon table biased for
lipophilic and positively charged side-chains was also used.
[0318] With these efforts, G1365 was identified (Example
7 and FIG. 3B). G1365 displayed biochemical activity on
MsbA (FIG. 3D; 1C5,=1.3 uM), and E. coli IptD(imp4213)
cells treated with G1365 also revealed the MsbA depletion
membrane phenotype (FIG. 3E). Notably, G1365 also inhib-
ited the growth of WT E. coli cells with an intact outer
membrane over the course of 6 hours (ICs, of ~20 uM;
FIGS. 13B and 13D), highlighting the potential to discover
synthetic macrocycles that can cross an intact bacterial outer
membrane. Specifically, the effect of G1365 and other
macrocycles on the viability of imp E. coli cells expressing
normal and high levels of MsbA (MsbA WT and MsbA High
and on wild-type E. coli cells (UPEC WT; i.e., with a normal
OM) was determined at different concentrations of the
macrocycles (FIGS. 3E and 3G-L, and Table 5).

TABLE 5

imp Strain MICs.

Compound imp, E.coli MsbA imp A. bau. MsbA
G1320 >100 >100
G1323 >100 >100

Jun. 6, 2024

TABLE 5-continued

imp Strain MICs.

Compound imp, E.coli MsbA imp 4. bau. MsbA
G1330 3.13 3.13
G1325 12.50 12.50
G1349 6.25 25.00
G1365 12.5 >100

Bold indicates compound and E. coli strain with phenotype shown at FIG. 3E, right-most
panel.

[0319] The biochemical IC,, for G1365 for this experi-
ment was 300 nM and the EC;,, for wild-type E. coli cells
was 20 uM. See FIGS. 3G-L and Table 5 below. To further
verify that G1365 is selective for the MsbA from E. coli, the
minimum inhibitory concentration (MIC) of G1365 and
other macrocycles for growth inhibition of imp E. coli and
of a different bacterial strain, Acinetobacter baumanni (A.
bau.) was determined. The MIC of G1365 for imp E. coli
was 12.5 uM, while that for A. bau. was over 100 pM, about
a 10-fold difference in concentration, indicating that G1365
interacts preferentially with the MsbA of E. coli compared
to the MsbA of A. bau. The MIC for the other tested
macrocycles did not differ between the two bacterial strains,
indicating that they are not selective between the two MsbA
proteins. The molecular basis for its antagonism was studied
using structural biology methods as described in Example 6
above.

b. G1365 Binds Deep Within the Periplasmic Cleft of MsbA

[0320] To understand the molecular basis of inhibition, a
cryo-EM structure of the MsbA-12G7-G1365 complex was
determined. Materials and methods were as described in
Example 6 above. A 3.1 A cryo-EM structure of MsbA in
complex with potent derivatives of G1365 (FIGS. 14A-B,
17A-E, and 8). Notably, G1365 is an amphipathic molecule
and the smaller size of G1365 allows it to bind almost 10 A
deeper in the periplasmic cleft of MsbA compared to G1118
(FIGS. 4A, 4B, 4F, and 16 A-D). Unlike G1118, which binds
along the central axis of MsbA, the G1365 receptor site is
found on the edge of the periplasmic cleft (FIGS. 4A, 4B,
4F-K, and 16A-D), suggesting that this amphipathic mac-
rocycle might directly access the receptor site from the lipid
bilayer.

[0321] (1365 traps MsbA in an outward-facing confor-
mation that is incompatible with transition to an inward-
facing state, identifying G1365 as a state-dependent inhibi-
tor. The binding site for G1365 is adjacent to the membrane-
exposed region of the transporter with the binding site
formed by TM1, TM3, and TM6, and the guanidinium side
chain of Arg6“*% points towards the lipid bilayer (FIGS.
4F-H). Cation-m interactions between MeF5°'*% and
Argl48, and Bhp4©3% with Arg296, respectively, stabiliz-
ing binding of G1365 within the receptor site. The extended
biphenyl residue Bhp4“'3%® reaches across the symmetry
axis of MsbA, likely precluding binding of a second mac-
rocycle. Enriched related sequences and a mutational scan of
G1365 confirm the key interactions of the macrocycle
required to interact with MsbA (FIG. 41 and Table 5).
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Table 6. Mutational Scan of Macrocycle G1365.
Macrocycle amino acid position
Amino acid 1 2 3 4 5 6 7 8
substituted F v Y B* F* R \Y C
F* 16 19 10 100 29 19
G* 25 19 5 9 60 28
S 87 20 6 13 32 25
G 31 23 5 14 27 30
Y 75 100 11 41 109 31
W 61 26 15 43 25 16
Dopa 266 168 6 41 100 71
B* 28 16 100 22 22 17
L 84 17 1 13 24 20
P 56 14 3 20 17 18
\Y 100 22 9 19 95 100
A 93 13 8 25 43 38
R 76 13 2 10 100 15
K 94 24 4 13 71 13
D 137 15 3 13 49 34
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[0322] Table 6 above shows a mutational scan of macro-
cycle G1365. Just as in Table 4 above, the enrichment factor
for macrocycles containing the indicated substitutions at
positions 2-7 of the macrocycle core (where enrichment
factor=(% Frequency[target]/% Frequency[input]), normal-
ized by the parent value). Amino acids identical to the parent
are indicated with a black outline. Natural amino acids are
indicated by standard single letters. Non-natural amino acids
are as follows: (1) MeF=F*, N-Methyl-L-phenylalanine; (2)
MeG=G*, N-Methyl-L-glycine; (3) Dopa, L-3,4-dihydroxy-
phenylalanine; and/or (4) Bph=B*, (S)-3-([1,1'-biphenyl]-4-
y1)-2-aminopropanoic acid. The binding pose of G1365 can
also rationalize the Asp252Asn resistance mutation (Ex-
ample 7 above), since this should disrupt the interaction
between Arg296 and G1365 (FIG. 4H).

[0323] Unexpectedly, the guanidinium side chains of
G1365%%% points towards the lipid bilayer. The bulky biphe-
nyl residue reaches across the pseudosymmetry axis towards
Arg296 from the other protomer. The structure also ratio-
nalizes the mechanism for the D252N resistance mutation by
breaking a salt bridge between Lys299 on TM6 likely
disrupting the interaction between Arg296 and G1365. The
structure of G1365 identifies a distinct receptor site com-
pared to G1118, even though the outward-open conforma-
tion of MsbA that is trapped by the two molecules is highly
similar. Thus, like G1118, G1365 is a state-dependent inhibi-
tor of MsbA, despite its smaller binding footprint.

Example 10: Identification of an Unexpected LPS
Binding Site on MsbA

[0324] It is now known how MsbA first engages its scarce
substrate LPS from the abundant phospholipids within the
membrane bilayer to achieve selective transport. In the
cryo-EM maps, two well-resolved LPS molecules are bound
to the periphery of MsbA (FIGS. 4A and 18A-D). These
striking map features unambiguously place the characteristic
bi-phosphoglucosamine headgroup of lipid A at previously
unrecognized, symmetry-related coordination sites at the
level of the inner membrane leaflet on the MsbA dimer (FIG.
18A). Importantly, the visualized LPS molecules are far
removed from the single binding site observed previously
within the central vestibule of the inward-facing state of
MsbA (Ho et al., 2018; Mi et al., 2017). As LPS was not
added to the samples used for cryo-EM, the identification of
these unique peripheral LPS-binding sites on the outward-
facing state of MsbA suggest that they are physiologically
relevant

[0325] The peripheral inner membrane leaflet LPS-bind-
ing site on MsbA is formed by TM2, TM4' and TMS5' with
865 A? of transporter surface area is buried upon LPS
binding. Three distinguishing features of LPS engaged by
MsbA are spread along the lipid A core of the molecule (FIG.
5A). First, highly conserved basic side-chains from MsbA
coordinate the characteristic phosphates on the glucosamine
headgroups of lipid A (FIG. 18B). Argl88 and Lys243
salt-bridge to the 1-phosphate (FIG. 5A), while the Lys95
and Arg238 form salt-bridges to the 4'-phosphate (FIG. 5B).
Second, the hexa-acylated tails of lipid A interact with an
extended hydrophobic surface on the transporter, where the
2'-hydroxymyristate and 2"-laurate ester linkages pack
against the conserved aromatic side chains of Tyr87 and
Trp91, respectively. Third, the elaborated 3-deoxy-D-
manno-oct-2-ulosonic acid (Kdo) core-sugars from lipid A
are coordinated by an extended polar intracellular stalk
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region on the transporter (FIG. 18C). These strategic multi-
point contacts made to lipid A at the peripheral LPS binding
site define a structural basis for MsbA to selectively engage
LPS over the bulk membrane phospholipids.

[0326] Since the outward-facing conformation of MsbA
has historically been associated with substrate release into
the periplasmic membrane leaflet (Ho et al., 2018; Mi et al.,
2017; Ward et al., 2007), it was initially surprising to find
LPS bound to MsbA along the inner leaflet in this state.
Targeted double-mutations of residues that interact with LPS
were generated. The double-mutants were assessed for the
ability to rescue the growth of E. coli cells lacking WT
MsbA (FIGS. 19A-]). The basic residues coordinating the
4'-phosphate of lipid A (Lys95 and Arg238) and the aromatic
side-chains supporting the 2'-hydroxymyristate and 2"-lau-
rate chain esters of lipid A (Tyr87 and Trp91) were found to
be essential. This is because their mutation to alanine
arrested cell growth and produced the distinctive inner
membrane elaboration phenotype that mirrors bacteria
depleted of WT MsbA (FIGS. 5C-E) (Doerrler et al., 2001).
By contrast, side-chains coordinating the 1-phosphate of
lipid A (Arg188 and Lys243) or proximal non-LPS-interact-
ing residues were dispensable. Unexpectedly, (1) an essen-
tial peripheral LPS binding site was discovered on the inner
leaflet of MsbA in the outward-facing conformation, and (2)
previously unknown substrate selectivity determinants that
have important physiological implications were identified.

Example 11: Discussion

[0327] The present disclosure discusses a site-directed
discovery of potent and state-dependent inhibitors of an
ABC transporter. The present disclosure discusses tools and
new findings related to MsbA’s mechanism of action. With
these tools, many challenges related to the unbiased discov-
ery of ligands that bind to integral membrane receptor sites
were overcome.

[0328] Using engineered chimeric proteins, a site-directed
ligand discovery strategy was devised to selectively inhibit
an ABC transporter by targeting the solvent-exposed cleft of
the outward-facing state. G1118 and G1365 are two mac-
rocycle compounds that target unprecedented receptor sites
within the outward facing cleft, defining a new pharmacol-
ogy within the ABC transporter superfamily, where these
macrocycles may represent early leads for further antibac-
terial discovery. Analogous site-directed ligand discovery
efforts using engineered chimeras could be employed to
identify new receptor sites in other protein classes and may
be particularly useful to discover novel pharmacologies.

[0329] Although prior studies have shed light on the
alternating access mechanism of transport employed by
MsbA (Ho et al., 2018; Mi et al., 2017; Ward et al., 2007),
how MsbA achieves selectivity for LPS over abundant
membrane phospholipids remained unknown. Inward-facing
structures of MsbA revealed LPS bound in the central cavity,
but these structures capture an intermediate state in the
transport cycle and fail to provide insight into how LPS is
selectively loaded from the bulk phospholipid bilayer into
the central cavity. The present disclosure discusses the
discovery of MsbA in an outward-facing state bound to its
substrate, unexpectedly revealing that MsbA first recognizes
LPS through a conserved and essential side-chain network
that is positioned along the inner membrane leaflet of the
transporter. On the basis of these observations, several
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principles that may underlie the mechanism of LPS selec-
tivity by MsbA are discussed below.

[0330] Until now, the outward-facing conformation in
ABC exporters has been strictly associated with substrate
release and the end of the catalytic cycle (Hollenstein et al.,
2007). As discussed in the Examples above, the data invoke
a more holistic model whereby the LPS binding site pre-
sented by the outward-facing state would serve to substan-
tially increase the local concentration of LPS within the
inner leaflet around the transporter (FIG. 6). In the outward-
facing conformation, MsbA strategically targets the distinct
chemistry of core-lipid A at the peripheral site through
multi-point interactions with the characteristic bi-phospho-
glucosamine headgroup, the hexa-acylated chains, and the
Kdo-core sugars to achieve selective binding for LPS over
phospholipids (FIGS. 5A-B). Targeted mutagenesis and
physiological studies established the essential nature of the
conserved residues at this previously unrecognized LPS
binding site. Peripheral binding site disruption upon transi-
tion to the inward-facing conformation is expected to release
LPS and facilitate selective loading into the central cavity,
presumably along a set of basic residues that stretch from the
peripheral binding site to the vestibule (FIGS. 18C-D). In
summary, MsbA couples LPS release into the outer leaflet
with substrate binding at the inner leaflet, revealing that the
outward-facing state previously regarded as the last step in
the ABC exporter cycle may be intrinsically and directly
linked to the first.

[0331] Visualization of the peripheral LPS-recognition
complex provides the first insights into how MsbA may
discriminate between mature and immature LPS species.
Lys95 and Arg238 side-chains are essential and form direct
salt-bridges to the 4'-phosphate of lipid A (FIG. 5B, offering
a structural rationale for why the precursor 1-mono-phos-
phorylated lipid A species is not transported23. The essential
nature of the Lys95 and Arg238-mediated interactions also
explains why suppressor mutations of the 4'-kinase LpxK
have not been identified, and rationalizes why MsbA and
LpxK are chromosomally linked24 or exist as a single
concatenated protein in some bacteria25. Furthermore, the
Tyr87 and Trp91 side-chains are essential and directly
underlie the ester linkages of the 2'-hydroxymyristate and
2"-laurate acyl chains (FIG. 5B), which are added by late-
acting enzymes in the lipid A biogenesis pathway, LpxL and
LpxM26,27. This observation provides a molecular ratio-
nale for why hexa-acylated LPS is the preferred substrate for
EcMsbA28,29. The picture that emerges from the peripheral
LPS-recognition site is that, in addition to selectively con-
centrating LPS over phospholipids, MsbA employs intrinsic
quality controls to ensure mature LPS species are selected
for transport across the inner membrane into the periplasm.
This level of molecular sophistication will help to ensure
that the integrity of the outer membrane barrier is not
compromised by the passage of immature LPS species.
Overall, our findings shed light on the selective recognition
and transport of lipids, and introduce the paradigm that ABC
transporters can utilize an outward-facing conformation to
selectively enrich and interrogate potential substrates.
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SEQUENCES

The following table describes certain sequences

TABLE 7

Sequence Table.

Seq Id. Identity and/or

Sequence

No. Description
1 G1l118
2 G1l118

CLAC-F-W-W-L-W-D-D-V-S-W-W-MeF-V-C-NH2

CLAC-F-W-W-L-W-D-D-V-S-W-W-MeF-V-C-G-K-K-NH2
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TABLE 7-continued

Sequence Table.

Seq Id. Identity and/or

No.

Description

Sequence

G1365

E. coli MsbaA
(Uniprot P60752;
NCBI
NP_415434.1)

Pseudomonas
psychrotolerans
MsbA (PpMsbA)
(Uniprot
AOA1GSPELO)

Candidatus
accumul ibacter
MsbZA (CaMsbd)
(Uniprot
AOA011NLL4)

Janthinobacterium
agaricidamnosum
MsbZA (JaMsbd)
(Uniprot
AOA3G2E7N4)

CLAc-F-V-Y-Bph-MeF-R-V-C-NH2

MHNDKDLSTW QTFRRLWPTI APFKAGLIVA
GVALILNAAS DTEMLSLLKP LLDDGEGKTD
RSVLVWMPLV VIGLMILRGI TSYVSSYCIS
WVSGKVVMTM RRRLEFGHMMG MPVSFEDKQS
TGTLLSRITY DSEQVASSSS GALITVVREG
ASIIGLFIMM FYYSWQLSII LIVLAPIVSI
AIRVVSKRER NISKNMONTM GQVTTSAEQM
LKGHKEVLIF GGQEVETKRF DKVSNRMRLQ
GMKMVSASSI SDPIIQLIAS LALAFVLYAA
SFPSVMDSLT AGTITVVESS MIALMRPLKS
LTNVNAQFQR GMAACQTLFT ILDSEQEKDE
GKRVIERATG DVEFRNVTET YPGRDVPALR
NINLKIPAGK TVALVGRSGS GKSTIASLIT
RFYDIDEGEI LMDGHDLREY TLASLRNQVA
LVSQNVHLEN DTVANNIAYA RTEQYSREQI
EEAARMAYAM DFINKMDNGL DTVIGENGVL
LSGGQRQRIA IARALLRDSP ILILDEATSA
LDTESERAIQ AALDELQKNR TSLVIAHRLS
TIEKADEIVV VEDGVIVERG THNDLLEHRG
VYAQLHKMQF GQ

MALLRHDETMSQDSPAQTSSLKIYFRLLGYVRPYIGMFALSI
VGFLIFASTQPMLAGILKYFVDGLNNPNASMFPGWPIVGGLH
LVQAVPLMIILIAAWQGVGSFLGNYFLARVSLGLVHDLRVAL
FNHMLRLPNRYFDANNSGHLISRITFNVTMVTGAATEAIKVV
IREGMTVVFLFASLLWMNWKLTLVMVAILPLIALMVTSASRK
FRKQSSKIQSAMGDVTHITSEAIQGYRVVRSFGGERYEQQRF
LDSSTANTDKQLTMTKTGAVYTPMLQLVIYSAMAVLMFLVLW
LRGEASAGDLVAYITMAGLLPKPIRQLSEVSSTIQRGVAGAE
SIFEQLDEPAERDEGREERERVQGRLEVRNLTFRYPGTEKAV
LEGIDFVAEPGOMVALVGRSGSGKSTLANLIPRFYQHEEGEI
LLDGLEIQDYRLTNLRRHIALVTQHVTLENDSVINNIAYGDL
AGAPMEQVRAAAEAAYADEFIERLPQKYDTQVGENGVLLSGG
ORQRLATIARALLKNAPLLILDEATSALDTESERHIQAALDRV
MQGRTTLVIAHRLSTIEKADLILVMDNGRIVERGSHGELLAL
NGYYARLHAKQFEEVAPPAPTIEC

MPSLGTHLRLLGHLRPRLGLLGISLLGYLMFASSQPAMAAIL
KFFIDELGSPGSTRHALPWLGSVDLMHAVPLLIVAVIVWQGI
GSFLGSYFIARASLGLIDDLRSSLFDNLLRLPDAYFAHHHSG
HLVSRITYDVTMVTGAATDAVRVVIREALTIGFLFGYLLWLN
WOLTLVLVAVLPLIGGIVASANRKYRQQSRNIQAAMGDLTQA
AAEMVQGHRVVRGFGGERYESARFQAASAENTAKQLRMVRTT
VSYSQIVQLITFSAMAVLLLLILLLRGDASAGDLVAYLTAAG
MLPKPVRQLSEMSATIQRGLAGAESIFAQLDEAPEPDRGTVE
RDRVRGFLEIRNLSFSYPDSSQRVLEGISFVAAPGQLIALVG
RSGSGKSSLASLIPRFYSPDEGQILIDGIDIEDYKLRNLRLH
JALVTQQVVLENDTITRNIAYGDLVVASPAVIREAAAAAHAC
EFIDQLPQGFDTLVGENGVMLSGGQRQRLATIARALLKDAPIL
ILDEATSALDTESERRIHNALDRIKERRTTLVIAHRLSTIER
ADLIIVIDDGRIVERGSHAELLAVDGHYARLHANQRSEQREI
AT

MQQOSRLLFFRLAGQFRRYGAIVAATLLAVGVASATDVLLIRQ
LONVVDAMRTTAS TQVAPVSGVMGMLQGWVDRFLPAQAGQVD
LWVIPATILGLAVLRMVSSFAGDYGSVWLS SRVQADLREKME
ATIMRLPSRFFDTTTTSLTQSRVAFDASQVSQAGLNVLNVMV
RDSVATVGYLILLESIDVKLALFCMASMPIVAIVVTLAGRRM
RHLSKSSQQOAVGELTSVLDES IGGQRVVKIFGGQDYEQARFG
NVVKRNRQLAVKHAATSAMNSGFIMMLVGITLSSVIYFAMLR
AQSGAITPGAFVAFMGALMAMQSPIKNLTKINEPLORGLAAA
ESVFGLIDTPLEPDPGTIAPAAVQGNLSLONVHFRYNSDDPD
APTALSDITLDIRAGETVALVGGSGGGKTTLLGLLPRFYDVS
GGRILLDGVDVRDYALLALRRQFALVSQDVILENDTMAANIA
YGDPAPDMARIEASARAAYAHDFIMQLPQGYATQAGONGSRL
SGGQRORLATIARALYKDAPILLLDEATSALDTESERSVQAAL
EVLMRNRTTIVIAHRLSTIESADRIVVMQGGRLVESGSHAAL
LOQGGAYARLHASQLSPVKDGMG
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TABLE 7-continued

Sequence Table.

Seq Id. Identity and/or

No. Description Sequence
8 Thiomicrospira MYDRQSLKLYGQLLRYILPYKSATALTLFSLVLIALLEPATA
cyclica Msba YVLKDLVDVGLIEQDPNSFVILPFLLALVFIFKGVFEYISKV
(TcMsba) VSQWISERATLQIRLEMFEKLQFMTLKSFQDTTSGHLMSKIT
(Uniprot FéDCYO) HNVSQTSQALVNAWVVLIRDTLMI IALLAYMLYVSWELTLLM
LVIAPVVAFLINKASQLMRKYSRKSQENMGAVTQQLEESIHA
HKDIKVYGAEQYEIERFNQVLAKOMQYNVKQVRVAALNVPLV
QVIAATALSFVVYFAMKLAADGAFTPGELVSFILAMALTEDP
IRRLTSVNITLQKGLAAAESIFEFLAITNETNTGTQQPPIKG
ELQLNNLVFQYDRAEQPTLKGIQLTIPANQTTALVGASGSGK
STLVNLIARFYAPTSGDILLDNTPLADIELDYLRQHIAFVSQ
HVVLENDSIRANIAYGHDEFDEAAIIQAAKDAHAWEFIEKLP
DGLDTMIGDNGALLSGGQORQRLATARAFLKNAPILILDEATS
ALDNQSEAMIQQAMAKLRONRTVIIIAHRLSTIEQADQIAVL
DQGELVELGTHRDLLAQQGAYARLOQOGELGSG
9 Magnetospira MSEPESSARTKDPNATSVLLGRLLRENVAPYKWWIFWALLFEFM
strain-QH-2 MsbA AVVAASTGLTAYLLDPVITYIFDEKRHDLVWPLVAAILATEV
(MgMsba) VKGGANYMQTLLMSRVGLRIIADNQNRLFRHLARMDLTFFHA
(Uniprot NPTGTLVSRFTVDIAQMRVAVSNGLTALGKDLLTLIALVGVM
W6KCN7) FYEDWQLSLIALVAFPTAIYPIARLGKRMRKVTANNQQEMGL
LITTLEQSFQGIRVVKAYGMEDYETERVVTLTDRIYALAVKA
ASTRAFSSPIMETLGGLAVAAVIAYAGNRVIHEDMRSGALIA
FIAALLMAYEPMKRLANLNASLQEGLAGAQRMFQLLDNPSDL
VEAVDAKDLDVAGGSVSLEKVRFSYDGENNALDGLSLEVPAG
STVALVGPSGAGKSTVLNLIPRFYDLNSGRVVIDGQDIKDVT
FTSLRGAMALVSQEITLEDDTVRANIAYGREGASEEDIQLAA
SHAAAHDFILKLPQGYDTMVGEQGVKLSGGQRORLATIARAML
KNAPILLLDEATSALDTESERQVQAALDELMKDRTTLVIAHR
LSTVVQADLIHVVDRGRVVESGTHDQLLAADGIYARLYALQF
DEREEAVVETDPEVVGDDTP
10 G1l119 CLAC-F-W-W-L-W-S-D-MeG-D-W-W-MeF-V-C-NH2
11 Gl122 CLAcC-F-R-Y-L-W-MeA-W-G-L-V-W-D-N-C-NH2
12 E. coli MsbA- See FIG. 10A
chimeral protein
sequence
13 E. coli MsbA- See FIG. 10A
chimera2 protein
sequence
14 E. coli MsbA- See FIG. 10A
chimeral protein
sequence
15 E. coli MsbA- See FIG. 10A

chimera4 protein

sequence
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TABLE 7-continued

Sequence Table.

Seq Id. Identity and/or

No. Description Sequence

16 E. coli MsbA- See FIG. 10A
chimera5 protein
sequence

[0383] Although the foregoing invention has been
described in some detail by way of illustration and example
for purposes of clarity of understanding, the descriptions and
examples should not be construed as limiting the scope of
the invention. The disclosures of all patent and scientific
literature cited herein are expressly incorporated in their
entirety by reference.

Jun. 6, 2024

SEQUENCE LISTING

Sequence total quantity: 19

SEQ ID NO: 1 moltype = AA length = 14
FEATURE Location/Qualifiers
REGION 1..14
note = Synthetic: G1118
MOD_RES 1
note = ClAc-F (N-chloroacetyl L-phenylalanine)
MOD_RES 13
note = MeF (N-methyl-L-phenylalanine)
MOD_RES 14
note = AMIDATION
source 1..14

mol type = protein
organism = synthetic construct
SEQUENCE: 1

FWWLWDDVSW WEVC 14
SEQ ID NO: 2 moltype = AA length = 17
FEATURE Location/Qualifiers
REGION 1..17
note = Synthetic: G1118
MOD_RES 1
note = ClAc-F (N-chloroacetyl L-phenylalanine)
MOD_RES 12
note = MeF (N-methyl-L-phenylalanine)
MOD_RES 17
note = AMIDATION
source 1..17

mol type = protein
organism = synthetic construct
SEQUENCE: 2

FWWLWDDVSW WEFVCGKK 17
SEQ ID NO: 3 moltype = AA length = 8
FEATURE Location/Qualifiers
REGION 1..8

note = Synthetic: G1365
MOD_RES 1

note = ClAc-F (N-chloroacetyl L-phenylalanine)
MOD_RES 4

note = X is Bph((S)-3-([1,1
-biphenyl] -4-y1l) -2-aminopropanocic acid)

MOD_RES 5

note = MeF (N-methyl-L-phenylalanine)
MOD_RES 8

note = AMIDATION
source 1..8

mol type = protein
organism = synthetic construct
SEQUENCE: 3
FVYXFRVC 8
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SEQ ID NO: 4 moltype = AA length = 582
FEATURE Location/Qualifiers
source 1..582

mol type = protein

organism = Escherichia coli
SEQUENCE: 4
MHNDKDLSTW QTFRRLWPTI APFKAGLIVA GVALILNAAS DTFMLSLLKP LLDDGFGKTD 60
RSVLVWMPLV VIGLMILRGI TSYVSSYCIS WVSGKVVMTM RRRLFGHMMG MPVSFFDKQS 120
TGTLLSRITY DSEQVASSSS GALITVVREG ASIIGLFIMM FYYSWQLSII LIVLAPIVSI 180
ATRVVSKRFR NISKNMQONTM GQVTTSAEQM LKGHKEVLIF GGQEVETKRF DKVSNRMRLQ 240
GMKMVSASSI SDPIIQLIAS LALAFVLYAA SFPSVMDSLT AGTITVVFSS MIALMRPLKS 300
LTNVNAQFQR GMAACQTLFT ILDSEQEKDE GKRVIERATG DVEFRNVTFT YPGRDVPALR 360
NINLKIPAGK TVALVGRSGS GKSTIASLIT RFYDIDEGEI LMDGHDLREY TLASLRNQVA 420
LVSQNVHLFN DTVANNIAYA RTEQYSREQI EEAARMAYAM DFINKMDNGL DTVIGENGVL 480
LSGGQRQRIA IARALLRDSP ILILDEATSA LDTESERAIQ AALDELQKNR TSLVIAHRLS 540

TIEKADEIVV VEDGVIVERG THNDLLEHRG VYAQLHKMQF GQ 582
SEQ ID NO: 5 moltype = AA length = 612

FEATURE Location/Qualifiers

source 1..612

mol type = protein

organism = Pseudomonas psychrotolerans
SEQUENCE: 5
MALLRHDETM SQDSPAQTSS LKIYFRLLGY VRPYIGMFAL SIVGFLIFAS TQPMLAGILK 60
YFVDGLNNPN ASMFPGWPIV GGLHLVQAVP LMIILIAAWQ GVGSFLGNYF LARVSLGLVH 120
DLRVALFNHM LRLPNRYFDA NNSGHLISRI TFNVTMVTGA ATEAIKVVIR EGMTVVFLFA 180
SLLWMNWKLT LVMVAILPLI ALMVTSASRK FRKQSSKIQS AMGDVTHITS EAIQGYRVVR 240
SFGGERYEQQ RFLDSSTANT DKQLTMTKTG AVYTPMLQLV IYSAMAVLMF LVLWLRGEAS 300
AGDLVAYITM AGLLPKPIRQ LSEVSSTIQR GVAGAESIFE QLDEPAERDE GREERERVQG 360
RLEVRNLTFR YPGTEKAVLE GIDFVAEPGQ MVALVGRSGS GKSTLANLIP RFYQHEEGEI 420
LLDGLEIQDY RLTNLRRHIA LVTQHVTLFN DSVTNNIAYG DLAGAPMEQV RAAAEAAYAD 480
EFIERLPQKY DTQVGENGVL LSGGQRORLA IARALLKNAP LLILDEATSA LDTESERHIQ 540
AALDRVMQGR TTLVIAHRLS TIEKADLILV MDNGRIVERG SHGELLALNG YYARLHAKQF 600

EEVAPPAPTI EC 612
SEQ ID NO: 6 moltype = AA length = 590

FEATURE Location/Qualifiers

source 1..590

mol type = protein

organism = Candidatus accumulibacter
SEQUENCE: 6
MPSLGTHLRL LGHLRPRLGL LGISLLGYLM FASSQPAMAA ILKFFIDELG SPGSTRHALP 60
WLGSVDLMHA VPLLIVAVIV WQGIGSFLGS YFIARASLGL IDDLRSSLFD NLLRLPDAYF 120
AHHHSGHLVS RITYDVTMVT GAATDAVRVV IREALTIGFL FGYLLWLNWQ LTLVLVAVLP 180
LIGGIVASAN RKYRQQSRNI QAAMGDLTQA AAEMVQGHRV VRGFGGERYE SARFQAASAE 240
NTAKQLRMVR TTVSYSQIVQ LITFSAMAVL LLLILLLRGD ASAGDLVAYL TAAGMLPKPV 300
RQLSEMSATI QRGLAGAESI FAQLDEAPEP DRGTVERDRV RGFLEIRNLS FSYPDSSQRV 360
LEGISFVAAP GQLIALVGRS GSGKSSLASL IPRFYSPDEG QILIDGIDIE DYKLRNLRLH 420
JALVTQQVVL FNDTITRNIA YGDLVVASPA VIREAAAAAH ACEFIDQLPQ GFDTLVGENG 480
VMLSGGQORQR LAIARALLKD APILILDEAT SALDTESERR IHNALDRTKE RRTTLVIAHR 540

LSTIERADLI IVIDDGRIVE RGSHAELLAV DGHYARLHAN QRSEQREIAT 590
SEQ ID NO: 7 moltype = AA length = 611

FEATURE Location/Qualifiers

source 1..611

mol type = protein

orggnism = Janthinobacterium agaricidamnosum
SEQUENCE: 7
MOQSRLLFFR LAGQFRRYGA IVAATLLAVG VASATDVLLI RQLONVVDAM RTTASTQVAP 60
VSGVMGMLQG WVDRFLPAQA GQVDLWVIPA TILGLAVLRM VSSFAGDYGS VWLSSRVQAD 120
LREKMFATIM RLPSRFFDTT TTSLTQSRVA FDASQVSQAG LNVLNVMVRD SVATVGYLIL 180
LFSIDVKLAL FCMASMPIVA IVVTLAGRRM RHLSKSSQQA VGELTSVLDE SIGGQRVVKI 240
FGGQDYEQAR FGNVVKRNRQ LAVKHAATSA MNSGFIMMLV GITLSSVIYF AMLRAQSGAI 300
TPGAFVAFMG ALMAMQSPIK NLTKINEPLQ RGLAAAESVF GLIDTPLEPD PGTIAPAAVQ 360
GNLSLQNVHF RYNSDDPDAP TALSDITLDI RAGETVALVG GSGGGKTTLL GLLPRFYDVS 420
GGRILLDGVD VRDYALLALR RQFALVSQDV ILFNDTMAAN IAYGDPAPDM ARIEASARAA 480
YAHDFIMQLP QGYATQAGQON GSRLSGGQRQ RLAIARALYK DAPILLLDEA TSALDTESER 540
SVQAALEVLM RNRTTIVIAH RLSTIESADR IVVMQGGRLV ESGSHAALLQ QGGAYARLHA 600

SQLSPVKDGM G 611
SEQ ID NO: 8 moltype = AA length = 579

FEATURE Location/Qualifiers

source 1..579

mol type = protein
organism = Thiomicrospira cyclica
SEQUENCE: 8
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MYDRQSLKLY GQLLRYILPY KSAIALTLFS LVLIALLEPA TAYVLKDLVD VGLIEQDPNS 60

FVILPFLLAL VFIFKGVFEY ISKVVSQWIS ERATLQIRLE MFEKLQFMTL KSFQDTTSGH 120
LMSKITHNVS QTSQALVNAW VVLIRDTLMI IALLAYMLYV SWELTLLMLV IAPVVAFLIN 180
KASQLMRKYS RKSQENMGAV TQQLEESIHA HKDIKVYGAE QYEIERFNQV LAKQMQYNVK 240
QVRVAALNVP LVQVIAAIAL SFVVYFAMKL AADGAFTPGE LVSFILAMAL TFDPIRRLTS 300
VNITLQKGLA AAESIFEFLA ITNETNTGTQ QPPIKGELQL NNLVFQYDRA EQPTLKGIQL 360
TIPANQTTAL VGASGSGKST LVNLIARFYA PTSGDILLDN TPLADIELDY LRQHIAFVSQ 420
HVVLFNDSIR ANIAYGHDEF DEAAIIQAAK DAHAWEFIEK LPDGLDTMIG DNGALLSGGQ 480
RORLATIARAF LKNAPILILD EATSALDNQS EAMIQQOAMAK LRONRTVIII AHRLSTIEQA 540

DQIAVLDQGE LVELGTHRDL LAQQGAYARL QQQGELGSG 579
SEQ ID NO: 9 moltype = AA length = 608

FEATURE Location/Qualifiers

source 1..608

mol type = protein

organism = Magnetospira sp.
SEQUENCE: 9
MSEPESSART KDPNATSVLL GRLLRENVAP YKWWIFWALL FMAVVAASTG LTAYLLDPVI 60
TYIFDEKRHD LVWPLVAAIL ATFVVKGGAN YMQTLLMSRV GLRIIADNQN RLFRHLARMD 120
LTFFHANPTG TLVSRFTVDI AQMRVAVSNG LTALGKDLLT LIALVGVMFY EDWQLSLIAL 180
VAFPTAIYPI ARLGKRMRKV TANNQQEMGL LTTTLEQSFQ GIRVVKAYGM EDYETERVVT 240
LTDRIYALAV KAASTRAFSS PIMETLGGLA VAAVIAYAGN RVIHEDMRSG ALIAFIAALL 300
MAYEPMKRLA NLNASLQEGL AGAQRMFQLL DNPSDLVEAV DAKDLDVAGG SVSLEKVRFS 360
YDGENNALDG LSLEVPAGST VALVGPSGAG KSTVLNLIPR FYDLNSGRVV IDGQDIKDVT 420
FTSLRGAMAL VSQEITLFDD TVRANIAYGR FGASEEDIQL AASHAAAHDF ILKLPQGYDT 480
MVGEQGVKLS GGQRQRLAIA RAMLKNAPIL LLDEATSALD TESERQVQAA LDELMKDRTT 540
LVIAHRLSTV VQADLIHVVD RGRVVESGTH DQLLAADGIY ARLYALQFDE REEAVVETDP 600

EVVGDDTP 608
SEQ ID NO: 10 moltype = AA length = 14
FEATURE Location/Qualifiers
REGION 1..14
note = Synthetic: G1119
MOD_RES 1
note = ClAc-F (N-chloroacetyl L-phenylalanine)
MOD_RES 8
note = MeG (N-methyl-L-glycine)
MOD_RES 12
note = MeF (N-methyl-L-phenylalanine)
MOD_RES 14
note = AMIDATION
source 1..14

mol type = protein
organism = synthetic construct
SEQUENCE: 10

FWWLWSDGDW WEVC 14
SEQ ID NO: 11 moltype = AA length = 14
FEATURE Location/Qualifiers
REGION 1..14
note = Synthetic: G1122
MOD_RES 1
note = ClAc-F (N-chloroacetyl L-phenylalanine)
MOD_RES 6
note = MeA (N-methyl-L-alanine)
MOD_RES 14
note = AMIDATION
source 1..14

mol type = protein
organism = synthetic construct
SEQUENCE: 11

FRYLWAWGLV WDNC 14
SEQ ID NO: 12 moltype = AA length = 591
FEATURE Location/Qualifiers
REGION 1..591
note = Synthetic: E. coli MsbA-chimeral protein sequence
source 1..591

mol type = protein

organism = synthetic construct
SEQUENCE: 12
MHNDKDLSTW QTFRRLWPTI APFKAGLIVA GVALILNAAS DTFMLSLLKY FVDGLNNPNA 60
SMFPGWPIVG GLHLVQAVPL VVIGLMILRG ITSYVSSYCI SWVSGKVVMT MRRRLFGHMM 120
GMPVSFFDKQ STGTLLSRIT YDSEQVASSS SGALITVVRE GASIIGLFIS LLWMNWKLTL 180
VMIVLAPIVS IAIRVVSKRF RNISKNMONT MGQVTTSAEQ MLKGHKEVLI FGGQEVETKR 240
FDKVSNRMRL QGMKMVSASS ISDPIIQLIA SLAMAVLMFL VLWLRGEASA GDLVAYITMA 300
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GALMRPLKSL
PGRDVPALRN
LASLRNQVAL
TVIGENGVLL
SLVIAHRLST

TNVNAQFQRG
INLKIPAGKT
VSQNVHLEND
SGGORQRIAT
IEKADEIVVV

SEQ ID NO:
FEATURE
REGION

13

source

13
QTFRRLWPTI
VDLMHAVPLV
TGTLLSRITY
ATIRVVSKRFR
GMKMVSASSI
NVNAQFQRGM
NLKIPAGKTV
SONVHLFNDT
GGORQRIAIA
EKADEIVVVE

SEQUENCE :

MHNDKDLSTW
TRHALPWLGS
MPVSFFDKQS
LIVLAPIVSI
DKVSNRMRLQ
ALMRPLKSLT
GRDVPALRNI
ASLRNQVALV
VIGENGVLLS
LVIAHRLSTI

SEQ ID NO:
FEATURE
REGION

14

source

SEQUENCE :
MHNDKDLS TW
TQVAPVSGVM
KVVMTMRRRL
GLFILLFSID
KEVLIFGGQE
QSGAITPGAF
IERATGDVEF
IDEGEILMDG
RMAYAMDEIN
SERATQAALD
LHKMQFGQ

14
QTFRRLWPTI
GMLQGWVDRF
FGHMMGMPVS
VKLALFCIVL
VETKRFDKVS
VAFMGALMAL
RNVTFTYPGR
HDLREYTLAS
KMDNGLDTVI
ELQKNRTSLV

SEQ ID NO:
FEATURE
REGION

15

source

15
QTFRRLWPTI
VIGLMILRGI
DSEQVASSSS
NISKNMONTM
SDPIIQLIAS
GMAACQTLFT
TVALVGRSGS
DTVANNIAYA
IARALLRDSP
VEDGVIVERG

SEQUENCE :
MHNDKDLS TW
PNSFVILPLYV
TGTLLSRITY
ATIRVVSKRFR
GMKMVSASSI
LTNVNAQFQR
NINLKIPAGK
LVSQNVHLEN
LSGGQRQRIA
TIEKADEIVV

SEQ ID NO:
FEATURE
REGION

16

source

SEQUENCE: 16

MHNDKDLSTW QTFRRLWPTI
HDLVWPLVLV VIGLMILRGI
TGTLLSRITY DSEQVASSSS
ATRVVSKRFR NISKNMQONTM

MAACQTLFTI
VALVGRSGSG
TVANNIAYAR
ARALLRDSPI
EDGVIVERGT

LDSEQEKDEG
KSTIASLITR
TEQYSREQIE
LILDEATSAL
HNDLLEHRGV

moltype = AA length
Location/Qualifiers

1..590
note =
1..590
mol_type =
organism =

Synthetic: E.

protein
synthetic

APFKAGLIVA
VIGLMILRGI
DSEQVASSSS
NISKNMONTM
SDPIIQLIAS
AACQTLFTIL
ALVGRSGSGK
VANNIAYART
RALLRDSPIL
DGVIVERGTH

GVALILNAAS
TSYVSSYCIS
GALITVVREG
GQVTTSAEQM
LAMAVLLLLI
DSEQEKDEGK
STIASLITRF
EQYSREQIEE
ILDEATSALD
NDLLEHRGVY

moltype = AA length
Location/Qualifiers

1..608
note =
1..608
mol_type =
organism =

Synthetic: E.

protein
synthetic

APFKAGLIVA
LPAQAGQVDL
FFDKQSTGTL
APIVSIAIRV
NRMRLQGMKM
MRPLKSLTNV
DVPALRNINL
LRNQVALVSQ
GENGVLLSGG
IAHRLSTIEK

GVALILNAAS
WVIPLVVIGL
LSRITYDSEQ
VSKRFRNISK
VSASSISDPI
NAQFQRGMAA
KIPAGKTVAL
NVHLENDTVA
QRORIAIARA
ADEIVVVEDG

moltype = AA length
Location/Qualifiers

1..582
note =
1..582
mol_type =
organism =

Synthetic: E.

protein
synthetic

APFKAGLIVA
TSYVSSYCIS
GALITVVREG
GQVTTSAEQM
LALSFVVYFA
ILDSEQEKDE
GKSTIASLIT
RTEQYSREQI
ILILDEATSA
THNDLLEHRG

GVALILNAAS
WVSGKVVMTM
ASIIGLFIYM
LKGHKEVLIF
MKLAADGAFT
GKRVIERATG
RFYDIDEGEI
EEAARMAYAM
LDTESERAIQ
VYAQLHKMQF

moltype = AA length
Location/Qualifiers
1..582

note = Synthetic: E.
1..582

mol type = protein
organism = synthetic

APFKAGLIVA GVALILNAAS
TSYVSSYCIS WVSGKVVMTM
GALITVVREG ASIIGLFIVM
GQVTTSAEQM LKGHKEVLIF

KRVIERATGD VEFRNVTETY
FYDIDEGEIL MDGHDLREYT
EAARMAYAMD FINKMDNGLD
DTESERAIQA ALDELQKNRT
YAQLHKMQFG Q

= 590

coli MsbA-chimera2 protein sequence

congtruct

DTFMLSLLKF
WVSGKVVMTM
ASTIGLFIYL
LKGHKEVLIF
LLLRGDASAG
RVIERATGDV
YDIDEGEILM
AARMAYAMDF
TESERAIQAA
AQLHKMQFGQ

FIDELGSPGS
RRRLFGHMMG
LWLNWQLTLV
GGQEVETKRF
DLVAYLTAAG
EFRNVTFTYP
DGHDLREYTL
INKMDNGLDT
LDELQKNRTS

= 608

coli MsbA-chimera3 protein sequence

congtruct

DTFMLSLLON
MILRGITSYV
VASSSSGALT
NMONTMGQU'T
IQLIASLTLS
CQTLETILDS
VGRSGSGKST
NNIAYARTEQ
LLRDSPILIL
VIVERGTHND

VVDAMRTTAS
SSYCISWVSG
TVVREGASII
TSAEQMLKGH
SVIYFAMLRA
EQEKDEGKRV
IASLITRFYD
YSREQIEEAA
DEATSALDTE
LLEHRGVYAQ

= 582

coli MsbA-chimera4 protein sequence

congtruct

DTFMLSLLKD
RRRLFGHMMG
LYVSWELTLL
GGQEVETKRF
PGELVSFILA
DVEFRNVTFT
LMDGHDLREY
DFINKMDNGL
AALDELQKNR

GQ

LVDVGLIEQD
MPVSFFDKQS
MIVLAPIVSI
DKVSNRMRLQ
MAALMRPLKS
YPGRDVPALR
TLASLRNQVA
DTVIGENGVL
TSLVIAHRLS

= 582

coli MsbA-chimera5 protein sequence

congtruct

DTFMLSLLDP VITYIFDEKR
RRRLFGHMMG MPVSFFDKQS
FYEDWQLSLI AIVLAPIVSI
GGQEVETKRF DKVSNRMRLQ

360
420
480
540
591

60

120
180
240
300
360
420
480
540
590

60

120
180
240
300
360
420
480
540
600
608

60

120
180
240
300
360
420
480
540
582

60

120
180
240

Jun. 6, 2024
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GMKMVSASSI SDPIIQLIAS
LTNVNAQFQR GMAACQTLET
NINLKIPAGK TVALVGRSGS
LVSQNVHLFN DTVANNIAYA
LSGGQRQRIA IARALLRDSP
TIEKADEIVV VEDGVIVERG
SEQ ID NO: 17

FEATURE

REGION

REGION

MOD_RES
VARIANT
VARIANT
VARIANT
VARIANT

VARIANT

VARIANT
VARIANT

VARIANT

MOD_RES

source
SEQUENCE: 17
FXXLXXDXXX XFVC
SEQ ID NO: 18

FEATURE
REGION

source

SEQUENCE: 18
GLNDIFEAQK IEWHE
SEQ ID NO: 19
FEATURE

REGION

REGION

MOD_RES

VARIANT

MOD_RES

LAVAAVIAYA
ILDSEQEKDE
GKSTIASLIT
RTEQYSREQI
ILILDEATSA
THNDLLEHRG

moltype =

GNRVIHEDMR SGALIAFIAA LLALMRPLKS
GKRVIERATG DVEFRNVTFT YPGRDVPALR
RFYDIDEGEI LMDGHDLREY TLASLRNQVA
EEAARMAYAM DFINKMDNGL DTVIGENGVL
LDTESERAIQ AALDELQKNR TSLVIAHRLS
VYAQLHKMQF GQ

AA length = 14

Location/Qualifiers

1..14

note = Synthetic:

1..14

14-mer macrocyclic peptide

300
360
420
480
540
582

note = misc_feature - See specification as filed for
detailed description of substitutions and preferred
embodiments

1

note = ClAcF

2

note = X
3
note = X
5
note = X
6
note = X

8

ig W, V, or Y

is Wor Y

is Wor Y

ig s, D, V, or H

(N-chloroacetyl L-phenylalanine)

note = X any natural amino acid other than C, or a
non-natural amino acid chosen from Bph, Dopa, MeF, and MeG

9

is Y, K, A, S, D, R, or V
is W, Y, or Bph

is Wor Y

F (N-methyl-L-phenylalanine)

= protein
= synthetic construct

AA length = 15

Location/Qualifiers

note = Synthetic: recognition motif for E.

note = X
10

note = X
11

note = X
12

note = Me
1..14
mol_type
organism
moltype =
1..15

ligase

1..15
mol_type
organism
moltype =

= protein
= synthetic construct

AA length = 8

Location/Qualifiers

1..8

note = Synthetic

1..8

14

coli BirA biotin

15

note = misc_feature - See specification as filed for
detailed description of substitutions and preferred

or D

embodiments

1
note = ClacF (N-chloroacetyl L-phenylalanine)
2
note = X is V, S, Y, W, Dopa, L, V, A, R, K,
4
note = X is Bph((S)-3-([1,1

-bipheny

1]1-4-y1l) -2-aminopropanoic acid)
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43
-continued
MOD_RES 5
note = MeF (N-methyl-L-phenylalanine)
VARIANT 6
note = X is R, V, Dopa, or Y
source 1..8
mol type = protein
organism = synthetic construct

SEQUENCE: 19
FXYXFXVC

1. A method of determining whether a test molecule binds
to the periplasmic, extracellular, and/or luminal face of a
parental ABC transporter, comprising:

a) providing a chimeric ABC transporter, in which one or
more regions of the periplasmic, extracellular, and/or
luminal face of the parental ABC transporter are sub-
stituted with one or more equivalent regions of the
periplasmic, extracellular, and/or luminal face of a
different ABC transporter; and

b) contacting the chimeric ABC transporter with a mol-
ecule that binds to the parental ABC transporter in an
outward-facing conformation, wherein the test mol-
ecule is determined to bind to the periplasmic, extra-
cellular, and/or luminal face of the parental ABC trans-
porter if the test molecule does not bind to the chimeric
ABC transporter.

2. A method of determining whether a test molecule binds

to the periplasmic, extracellular, and/or luminal face of a
parental ABC transporter, comprising:

a) trapping the parental ABC transporter in an outward-
facing conformation;

b) selecting a test molecule that binds to the parental ABC
transporter in the outward-facing conformation;

¢) providing a chimeric ABC transporter, in which one or
more regions of the periplasmic, extracellular, and/or
luminal face of the parental ABC transporter are sub-
stituted with one or more corresponding regions of the
periplasmic, extracellular, and/or luminal face of a
different ABC transporter; and

d) contacting the chimeric ABC transporter with the test
molecule of (b) that binds to the parental ABC trans-
porter in an outward-facing conformation, wherein the
test molecule is determined to bind to the periplasmic,
extracellular, and/or luminal face of the parental ABC
transporter if the test molecule does not bind to the
chimeric ABC transporter.

3. The method of claim 1, further comprising trapping the
chimeric ABC transporter in an outward-facing conforma-
tion prior to contacting the chimeric ABC transporter with
the test molecule.

4. The method of claim 3, wherein the parental ABC
transporter and/or the chimeric ABC transporter is trapped in
an outward-facing conformation by treating the parental
ABC transporter and/or the chimeric ABC transporter with
Mg?*, ATP, and vanadate.

5.-9. (canceled)

10. The method of claim 1, wherein the parental ABC
transporter is MsbA.

11. (canceled)

12. (canceled)

13. The method of claim 1, wherein the chimeric ABC
transporter differs from the parental ABC transporter in that
at least one, at least two, at least three, or all of the

periplasmic, extracellular, or luminal facing loop(s) and up
to 50%, up to 25%, or up to 10% of transmembrane
segments on either side of each loop are replaced with
equivalent regions of the different ABC transporter.

14.-18. (canceled)

19. The method of claim 1, wherein the parental ABC
transporter is £. coli MsbA (EcMsbA) and the chimeric ABC
transporter is EcMsbA in which one or more of EcMsbA
residues Leud7-Pro68 in periplasmic loop 1 (L1), EcMsbA
residues Met159-Leul71 in periplasmic loop 3 (L3), and
EcMsbA residues Ala262-11e292 in periplasmic loop 5 (LS)
are replaced with equivalent regions of Pseudomonas psy-
chrotolerans (PpMsbA), Candidatus accumulibacter (CaM-
sbA), Janthinobacterium agaricidamnosum (JaMsbA),
Thiomicrospira cyclica (TcMsbA), or Magnetospira strain-
OH-2 (MgMsbA).

20.-26. (canceled)

27. A molecule identified by the method of claim 1,
wherein the molecule binds to the parental ABC transporter
with a K, of 20 uM or less, 10 uM or less, 20 nM or less,
500 nM or less, 1 nM or less, 1 to 20 uM, 10 to 20 uM, 1
nM to 20 uM, or 1 nM to 500 nM, optionally wherein the
molecule is a peptide, a small molecule, an antibody, a
binding fragment of a peptide, small molecule, or antibody,
or a macrocycle, further optionally wherein if the molecule
is a macrocycle, the macrocycle is a 6-14-mer, 6-10-mer,
6-8-mer, or 8-10-mer macrocycle and/or comprises at least
one lipophilic side-chain and at least one positively charged
side-chain.

28.-43. (canceled)

44. A macrocycle peptide G1118 (SEQ ID NO: 1 or 2),
G1119 (SEQ ID NO: 10), G1122 (SEQ ID NO: 11), or
G1365 (SEQ ID NO: 3)

45.-49. (canceled)

50. A method of making the chimeric ABC transporter of
claim 1, comprising replacing at least one periplasmic,
extracellular, or luminal facing loop and up to 50% of the
transmembrane segments on either side of the loop of the
parental ABC transporter of claim 1 with equivalent regions
of the different ABC transporter of claim 1.

51.-64. (canceled)

65. The chimeric ABC transporter of claim 1 in which at
least one periplasmic, extracellular, or luminal facing loop
and up to 50% of the transmembrane segments on either side
of the loop of the parental ABC transporter of claim 1 are
replaced with equivalent regions of the different ABC trans-
porter of claim 1.

66.-78. (canceled)

79. A chimeric ABC transporter comprising a parental
ABC transporter E. coli MsbA (EcMsbA) in which one or
more of EcMsbA residues L.eud7-Pro68 in periplasmic loop
1 (L1), EcMsbA residues Met159-Leul71 in periplasmic
loop 3 (L3), and EcMsbA residues Ala262-11e292 in peri-
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plasmic loop 5 (LS) are replaced with equivalent regions of
Pseudomonas  psychrotolerans (PpMsbA), Candidatus
accumulibacter (CaMsbA), Janthinobacterium agaricidam-
nosum (JaMsbA), Thiomicrospira cyclica (TcMsbA), or
Magnetospira strain-OH-2 (MqMsbA).

80.-83. (canceled)

84. A molecular complex comprising the chimeric ABC
transporter of claim 65 bound to a peptide, small molecule,
antibody, binding fragment of a peptide, binding fragment of
a small molecule, or binding fragment of an antibody.

85.-90. (canceled)

91. A kit comprising the chimeric ABC transporter of
claim 65 and reagents for carrying out a method of deter-
mining whether a test molecule binds to the periplasmic,
extracellular, and/or luminal face of a parental ABC trans-
porter, optionally wherein the chimeric ABC transporter is
attached to a matrix or beads, and optionally wherein the kit
further comprises one or more of the following:

a. a parental ABC transporter and/or a different ABC
transporter from which the chimeric ABC transporter is
engineered;

b. a matrix or beads for attachment of ABC transporters,
optionally streptavidin-coated beads, avidin-coated
beads, or deglycosylated-avidin-coated beads, or mag-
netic beads;

c. one or more detergents for solubilizing an ABC trans-
porter on a matrix or beads;

d. at least one wash buffer;

e. at least one elution buffer;

f. at least one positive or negative control molecule.

92. (canceled)

93. A method of treating a bacterial infection in an
individual comprising administering to the individual an
effective amount of a molecule of claim 27.

94. (canceled)

95. A peptide comprising the following sequence:

(SEQ ID NO: 17)
ClacF-X1-X2-L-X3-X4-D-X5-X6-X7-X8-MeF-V-C,
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wherein:

i. X1is W, V,orY;

. X2 is WorY;

ii. X3 is WorY,;

iv. X4 is S, D, V, or H;

V. X5 is N, wherein N is chosen from any natural amino
acid other than C, or a non-natural amino acid chosen
from Bph ((S)-3-([1,1'-biphenyl]-4-yl)-2-aminopro-
panoic acid), Dopa (L-3,4-dihydroxyphenylalanine),
MeF  (N-methyl-L-phenylalanine), and MeG
(N-methyl-L-glycine);

vi. X6isY,K, A, S, D, R, or V,

vii. X7 is W, Y, or Bph; and

viii. X8 is W or Y;

optionally wherein the peptide further comprises a G residue
following the C residue at the C-terminal end, and wherein
ClacF is N-chloroacetyl L-phenylalanine, Bph is (S)-3-([1,
1'-biphenyl]-4-yl)-2-aminopropanoic acid, Dopa is [.-3,4-
dihydroxyphenylalanine, MeF is N-methyl-L-phenylala-
nine, and MeG is N-methyl-L-glycine.

96.-109. (canceled)

110. A peptide comprising the following amino acid

sequence:

(SEQ ID NO: 19)
ClacF-X1-Y-Bph-MeF-X2-V-C,
wherein:
i. X1is V, S, Y, W, Dopa, L, V, A, R, K, or D; and
ii. X2 is R, V, Dopa, or Y;
wherein ClacF is N-chloroacetyl L-phenylalanine, Bph
is (S)-3-([1,1'-biphenyl]-4-yl)-2-aminopropanoic
acid, Dopa is L-3,4-dihydroxyphenylalanine, and
MeF is N-methyl-L-phenylalanine.
111.-118. (canceled)

#* #* #* #* #*



