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Bacteria invest significant resources into the continuous creation and tailoring
of their essential protective peptidoglycan (PG) cell wall. Several soluble PG
biosynthesis products in the periplasm are transported to the cytosol for
recycling, leading to enhanced bacterial fitness. GICNAc-1,6-anhydroMurNAc
and peptide variants are transported by the essential major facilitator super-
family importer AmpG in Gram-negative pathogens including Escherichia coli,
Klebsiella pneumoniae, Acinetobacter baumannii, and Pseudomonas aerugi-
nosa. Accumulation of GIcNAc-1,6-anhydroMurNAc-pentapeptides also results
from fB-lactam antibiotic induced cell wall damage. In some species, these
products upregulate the B-lactamase AmpC, which hydrolyzes -lactams to
allow for bacterial survival and drug-resistant infections. Here, we have used
cryo-electron microscopy and chemical synthesis of substrates in an inte-
grated structural, biochemical, and cellular analysis of AmpG. We show how
AmpG accommodates the large GlcNAc-1,6-anhydroMurNAc peptides,
including a unique hydrophobic vestibule to the substrate binding cavity, and
characterize residues involved in binding that inform the mechanism of
proton-mediated transport.

Antimicrobial resistance (AMR) is an escalating global health crisis,
with the evolution of resistance outpacing drug development’. -
lactams represent over 65% of all antibiotics prescribed globally and
play a critical role in infectious disease management, but their efficacy
is threatened by multiple mechanisms of resistance’. While there is an
urgent need for new strategies to address AMR, understanding the

current mechanisms of B-lactam resistance enables creation of com-
plementary therapeutics administered as cocktail treatments,
prolonging the effectiveness of many existing antibiotics approved
against various bacterial species and pathologies. B-lactams covalently
bind and inhibit the transpeptidation domain of penicillin-binding
proteins (PBPs). This interrupts the essential peptide cross-linking of
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peptidoglycan (PG) polymeric strands and ultimately leads to cell wall
damage and bacterial cell lysis’. Widespread use of these drugs has
resulted in selection for various resistance mechanisms. In Gram-
negative bacterial pathogens, enzymes that hydrolyze the (-lactam
core, B-lactamases, represent the primary mechanism of resistance’.
Many Gram-negative bacteria are a pressing threat to hospitalized
patients in terms of development of treatment-resistant infections
and/or contributions to sepsis, and are associated with high mortality
rates*. Problematic nosocomial Enterobacteriaceae and Pseudomo-
nadaceae infections are often enabled by a combination of underlying
drug resistance mechanisms, but one of particular concern is the
production of the chromosomally-encoded protein AmpC. This

enzyme is a class C serine (3-lactamase with a broad spectrum of action,
able to inactivate nearly all classic and later-generation (3-lactam anti-
biotics, including penicillins and cephalosporins’. AmpC is the
primary driver of (-lactam resistance in P. aeruginosa® and a
direct cause of broad spectrum f-lactam resistance, including to
carbapenems, considered antibiotics of last resort, in Enterobacter spp.
and K. pneumoniae’®

Expression of chromosomal ampC is controlled by a complicated
signaling system that recognizes metabolized cell wall fragments®®
(Fig. 1a). PG polymeric strands in the periplasm are hydrolyzed by the
actions of soluble lytic transglycosylases into 1,6-anhydromuropep-
tides. To recycle the unusual meso-diaminopimelic acid residue and
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Fig. 1| Role of AmpG in peptidoglycan recycling and antibiotic resistance.

a Under physiological conditions, mature PG is processed into GIcNAc-1,6-anhy-
droMurNAc peptides (primarily tetrapeptides) that are transported across the
bacterial inner membrane to the cytosol by AmpG for recycling. An intermediate in
this normal PG biosynthetic pathway, UDP-MurNAc-pentapeptide, binds to AmpR,
which represses production of the class C f3-lactamase AmpC. However, in the

1,6-anhydroMurNAc-L-Ala-NH2

-L-Ala-D-iso-Glu-meso-
0x0-DAP-D-Ala-D-Ala
presence of B-lactams, inhibition of PBPs leads to an accumulation of hydrolyzed
PG pentapeptide fragments, which are transported to the cytosol by AmpG, con-

verted to 1,6-anhydroMurNAc-pentapeptides by NagZ, bind AmpR and induce
expression of ampC. Secreted AmpC hydrolyzes B-lactams, providing antibiotic
resistance’. b Chemically synthesized GIcNAc-1,6-anhydroMurNAc derivatives
made for this study.
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other energetically-costly chemical elements from freed anhy-
dromuropeptides, they are taken up through the inner membrane by a
specific anhydromuropeptide permease, AmpG". The GIcNAc moiety
is then released by the glucosamidase NagZ, creating a 1,6-anhy-
droMurNAc peptide product. Under physiological conditions, those
products are further processed by AmpD and other enzymes and
recycled into the cytoplasmic PG biosynthetic pathway as UDP-N-
acetylmuramic acid (MurNAc)-pentapeptide precursors, which sup-
press ampC transcription by binding and repressing the LysR-type
transcriptional regulator AmpR. However, in the presence of B-lac-
tams, increased amounts of GIcNAc-1,6-anhydroMurNAc-pentapep-
tides accumulate as a result of cell wall damage and are transported to
the cytoplasm by AmpG. There, after release of the GIcNAc moiety by
NagZ, they competitively displace UDP-MurNAc from AmpR and acti-
vate ampC transcription. Targeting this pathway thus represents a
strategy to prevent the development of AmpC-mediated resistance.
While some work has focused on the well-characterized enzyme NagZ,
understanding of the structure and function of the conserved integral
membrane transporter/permease AmpG is lacking, although it may be
a more compelling target for intervention due to its periplasmic
accessibility and lack of redundancy in most species. Indeed, prior
studies have shown that AampG mutants regain sensitivity to [3-lactam
antibiotics'” while deletion of ampG from P. aeruginosa reduces both
upregulation of AmpC and biofilm formation, suggesting inhibition of
this permease could reduce pathogenicity in multiple ways®.

AmpG belongs to the major facilitator superfamily (MFS) of sec-
ondary active transporters, a large family of solute carrier transporters
in both prokaryotes and eukaryotes that share two symmetric six-
transmembrane helical bundles as the core of the protein. Within this
family, AmpG is predicted to be a symporter belonging to the poorly
characterized proton motive force (PMF) driven peptide-acetyl-CoA
transporter family 2.A.1.25". While general mechanisms of transport by
MES proteins have been characterized, there is huge variation in the
molecular details of substrate specificity and gating mechanisms
required to prevent deleterious passage of other molecules during
transport. Characterization of the atomic structure, substrate binding,
and mechanism of action of AmpG is needed to understand this fun-
damental biological process in bacteria and its potential druggability
to combat AmpC-mediated B-lactam resistance in serious pathogens.

Here, we present the structural details of an AmpG family member
from E. coli determined by cryo-EM, in complex with the disaccharide
of a bound detergent, which we propose mimics the disaccharide of
the physiological substrate. Biochemical binding analysis with a suite
of AmpG substrates synthesized here, coupled with mutagenesis stu-
dies of the role of conserved positions in P. aeruginosa cellular assays,
provide the basis for enhanced understanding of the transport chan-
nel, its mode of substrate binding, and potential transport mechanism.

Results

E. coli AmpG protein production

AmpG permeases are present in many Gram-negative bacteria (Sup-
plementary Fig. 1). An E. coli variant was chosen for study to allow for
production in its native lipid environment, often a consideration for
yield and stability of polytopic membrane proteins for structure/
function analysis. Hexahistidine-tagged full-length wild-type AmpG
(Fig. 2a) was expressed in E. coli strain C414ompFAacrB* and screened
for optimized purification conditions and membrane mimetics. AmpG
was successfully solubilized in either N-dodecyl-B-D-maltopyranoside
(DDM) or MSP1D1 nanodiscs'® (9 nM diameter) with incorporated E.
coli polar lipids. The purity and monodispersity of AmpG after removal
of the recombinant hexahistidine-tag was confirmed by SDS-PAGE and
negative-stain TEM (Supplementary Fig. 2a, b). To aid structure
determination of this small ~53 kDa membrane protein with cryo-EM,
thermostabilized apocytochrome b562 (BRIL), a 106 residue four
helical bundle”, was included at the C-terminus and used as an epitope

for the synthetic antibody BAG2®. The high affinity interaction
between AmpG-BRIL and BAG2 was verified with surface plasmon
resonance (SPR) with a binding constant (Kg) of 9.6 nM (Supplemen-
tary Fig. 3e). AmpG-BRIL in DDM was incubated with BAG2 at a 1:1
molar ratio and complex formation was validated by glycerol gradient
centrifugation, pull-down assay, native PAGE, and negative-stain TEM
(Supplementary Fig. 2c-h).

Synthesis of GIcNAc-1,6-anhydroMurNAc-peptide analogs

The chemical syntheses, purification, and validation of several AmpG
GlcNAc-1,6-anhydroMurNAc substrate variants was pursued for this
study: compound 1, or GlcNAc-1,6-anhydroMurNAc, is the minimal
structural unit necessary for recognition by AmpG", compound 2 is
GlcNAc-1,6-anhydroMurNAc bearing L-alanine, compound 3 is GIcNAc-
1,6-anhydroMurNAc bearing L-alaninamide, and compound 4 is
GlcNAc-1,6-anhydroMurNAc bearing a full L-Ala-D-iso-Glu-meso-oxa-
Dap-D-Ala-D-Ala stem pentapeptide (Fig. 1b).

The chemical synthesis of 1 has been known since 1986 when first
published by the Paulsen group®. Many other groups have since
developed their own synthetic routes to the GIcNAc-1,6-anhy-
droMurNAc motif to study proteins and biochemical pathways that use
GIcNAc-1,6-anhydroMurNAc glycopeptides as substrates or agonists:
measuring the turnover of lytic transglycosylases®, investigating the
effect of tracheal cytotoxin (TCT) on the Nodl receptor?, and devel-
oping a fluorescent assay for AmpG?. Our synthetic route is a slight
modification of Paulsen’s” and is described in a recent publication by
the Tanner group”. We produced intermediate peracetyl GIcNAc-1,6-
anhydroMurNAc methyl ester sugar S1, which yields 1 quantitatively
after saponification and an acidic resin workup (Supplementary Fig. 4a).

Disaccharide 1 could be converted into the novel L-alanine-
bearing disaccharide 5 (Supplementary Methods) by a preliminary
coupling reaction to L-alanine benzyl ester via PyBOP/HOBt and a
subsequent tosic acid-catalyzed acetonide protection. This protected
sugar intermediate 5 is produced in modest yields but is far easier to
isolate and purify via flash chromatography than its amphiphilic benzyl
ester counterpart lacking a GIcNAc acetonide. Compound 5 may be
deprotected via acidic resin treatment followed by hydrogenolysis to
give substrate 2 in quantitative yields, or amidated by ammonia in
methanol and deprotected by acidic resin to give substrate 3 in
excellent yields (Supplementary Fig. 4a).

The chemical synthesis of disaccharide pentapeptide 4 is far more
challenging than that of compounds 1-3, mostly due to the separate
chemical synthesis of the meso-oxa-Dap pentapeptide. Meso-oxa-Dap
is an isosteric analog of the natural meso-diaminopimelic acid (meso-
Dap) found in the stem peptides of various Gram-negative bacteria
such as E. coli and P. aeruginosa and used as a “handle” by their PBPs to
cross-link layers of cell wall PG polymers*'. meso-Dap is a reasonably
challenging synthetic target with many different lengthy synthetic
routes already published”. Moreover, synthetic routes to meso-Dap as
part of a PG stem peptide must be able to selectively incorporate only
the L-stereocenter of the symmetric meso-Dap into the oligopeptide
backbone. Orthogonally-protected meso-oxa-Dap was first produced
by the Vederas group via a Lewis acid-catalyzed aziridine ring opening
with a serine nucleophile®. The succinct synthesis of this meso-Dap
analog makes meso-Dap peptides more attractive synthetic targets in
general. Moreover, L,L-oxa-Dap proved to be an adequate substrate for
Dap-epimerase®® and meso-oxa-Dap oligopeptides were successfully
processed by the Gram-negative carboxypeptidases Csdé and Pgp2*’;
thereby lending credence to meso-oxa-Dap’s viability as a structural
analog to meso-Dap for enzymatic/biological experiments.

The synthesis of 4 along with the significance and various pitfalls
were discussed prior”. Vederas’ methodology was extended to the
nucleophilic ring opening of an aziridine already embedded within an
oligopeptide. Disaccharide S2 was coupled to meso-oxa-Dap-penta-
peptide P1 via EDCI/HOBt - S2 was also derived from S1, and P1 was
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derived from its N-terminus Boc-protected analog. The resultant pro-
tected glycopeptide S3 underwent hydrogenolysis and subsequent
deacetylation under mildly basic conditions to give the full dis-
accharide meso-oxa-Dap pentapeptide 4 in good yields (Supplemen-
tary Fig. 4b). The identity and validating metrics of all novel
compounds verified by 'H and *C nuclear magnetic resonance spec-
troscopy (NMR) and by high-resolution electrospray ionization mass
spectrometry (HR-ESI-MS) (Supplementary Methods).

Binding analysis of AmpG with synthesized substrate analogs

To minimize protein and ligand requirements and accommodate the
requisite use of membrane mimetics for AmpG solubilization, micro-
scale thermophoresis was used for binding studies between DDM-
solubilized AmpG and the synthesized substrates. The calculated

affinities for GlcNAc-1,6-anhydroMurNAc disaccharide (compound 1)
and GlcNAc-1,6-anhydroMurNAc-pentapeptide (compound 4) were
similar and in keeping with published values determined using . coli
spheroplast transport assays®. For the shorter peptide variants, spe-
cifically the GIcNAc-1,6-anhydro-MurNAc-L-ala with free negatively
charged carboxylate (compound 2) or neutral amidated (compound 3)
forms, we observed that the negative charge on the truncated peptide
was deleterious to binding, with binding only recovered once the
charge was neutralized (Supplementary Fig. 3a). Binding of compound
1to AmpG-BRIL and the AmpG-BRIL BAG2 complex used for structure
determination was also assayed showing comparable binding to the
wild-type protein (Supplementary Fig. 3d). To rule out differences
between detergent micelle-solubilized protein and a more native
membrane bilayer-like environment, binding was also assayed using
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AmpG solubilized in MSP1D1 nanodiscs'® using isothermal titration
calorimetry (ITC), which showed binding values for the GIcNAc-1,6-
anhydroMurNAc disaccharide consistent with those from MST (Sup-
plementary Fig. 3b).

Cryo-EM structure of AmpG-BRIL/BAG2 antibody complex

The structure of DDM-solubilized AmpG-BRIL in complex with the
BAG2 antibody was determined using cryo-EM to a global resolution of
3.78 A (Supplementary Fig. 5). Local resolution analysis showed the
majority of the protein at 3.0 to 3.5 A, with clearly resolved side chain
densities throughout (Supplementary Fig. 6). The refined model con-
tains AmpG residues 3-486 (the physiological C-terminus), a modeled
DDM detergent (used for solubilization), a phosphoethanolamine (PE)
lipid, and has excellent stereochemistry (Supplementary Table 1). The
C-terminal BRIL fusion and BAG2 antibody were not well resolved in
the final reconstruction but were clear in 2D classification (Supple-
mentary Figs. 5, 6). Attempts to determine the structure of AmpG
without BRIL and BAG2 were unsuccessful, suggesting their inclusion
was important for accurate particle alignment, despite this flexibility.
The DDM-solubilized AmpG-BRIL fusion showed similar binding to the
GlcNAc-1,6-anhydroMurNAc disaccharide by MST, suggesting inclu-
sion at the C-terminus does not have a deleterious effect on the
structure (Supplementary Fig. 3d).

AmpG is stabilized in an outward-open conformation

AmpG was captured in an outwards (to the periplasm) open con-
formation (Fig. 2b). The structure shows 14 bitopic transmembrane
helices, as opposed to the previous predictions of 12 bitopic and two
re-entrant helices (Fig. 2c)". The core of the transporter is composed
of two pseudo-symmetric bundles of six transmembrane helices (N-
terminal bundle TMs 1-6 and C-terminal bundle TMs 7-12) in the
canonical topology of the MFS family®®. Two additional antiparallel
C-terminal helices, TM13 and TM14, pack against the lateral V-shaped
opening to the central cavity formed by TM2 and TMI1 at the inter-
section of the N- and C-terminal helical bundles, creating a unique
hydrophobic vestibule (Fig. 2d). Both the N- and C- termini reside on
the cytoplasmic face of the membrane and result in a typical dis-
tribution of positively charged residues consistent with the positive-
inside rule of polytopic membrane protein topology” (Fig. 2e). The
outward-facing conformation has been proposed to be more ener-
getically stable in other MFS symporters e.g., bacterial fucose sym-
porter FucP*°, and AmpG is stabilized in the outward-open state by
several conserved interactions between TM2 and TM11 (see below)
with the central channel sealed at the apex by interactions between
TM4, 5, 10, and 11 (Fig. 2f). AmpG contains conserved structural
motifs found in both multidrug antiporters and sugar and peptide
symporters. However, despite more functional similarity to sugar
and peptide symporters FucP and PepT*"*, analysis with Dali** shows
more structural similarity to the multidrug exporter family (MdfA,
LmrP, YajR, NorA; range of RMSD superpositions on 370 common Ca
atoms is 4.8-6.4 A).

Conserved motif A acts as a molecular latch

Various sequence motifs amongst MFS transporters have been
documented®®. The most highly conserved is motif A, present in all
AmpG homologs and here involving residues at the C-terminus of TM2,
the N-terminus of TM3 and the intervening loop (collectively residues
66-80) (Fig. 3a, d). Strictly conserved Asp70 is the key component of
the motif, with its carboxylate side chain positioned for electrostatic
interaction with the adjacent N-terminal helix dipole of TM11, stabi-
lizing its position in the outward-open state (Fig. 4a). The guanidinium
side chains of conserved Arg79 and Arg80, which protrude from the
same face at the N-terminus of TM3, both directly coordinate the
carboxylate of Asp70, likely enhancing its electronegative charge and
the helix dipole interaction (Fig. 4a). Arg80 is further oriented by a

direct interaction with the side chain carboxylate of Aspl34 on the
C-terminus of TM4. Together with Asp70, these residues have been
proposed to constitute a charge relay triad critical for function®.
Arg8l, the third arginine in succession and more unique to the AmpG
family (Supplementary Figs. 1, 7), projects towards the exterior where
it would be ideally situated to interact with lipid headgroups of the
membrane inner leaflet (Fig. 4a). Supporting the importance of motif A
in stabilizing the outward-open state, a substitution of Asp70 to ala-
nine in the sequence allowed us to obtain a model of the inward-open
conformation using AlphaFold3*. The accuracy of the predicted
structure, especially the newly formed interface that closes the peri-
plasmic opening, is supported by tightly co-evolving clusters of resi-
dues identified by EVcouplings®® (Fig. 5, Supplementary Fig. 8).

Extending motif A in our structure, conserved residues specific to
the AmpG family are observed immediately up- and downstream of the
canonical sequence (Figs. 3a, 4b). Two highly conserved tryptophan
residues, Trp65 (TM2) and Trp83 (TM3), appear to play a role in sta-
bilizing the precise position of motif A and the direct substrate-binding
residues (see below). The Trp65 indole notably forms a hydrogen bond
with the evolutionarily coupled® Ser123 side chain hydroxyl on TM4
and, together with Pro67, appear to contribute to the significant helical
deformation at Valé6l, with a ~ 125° angular redirection where TM2 and
TMI11 splay apart to form the lateral entrance to the substrate binding
cavity. Characterized homologs have significantly less kinked helices
(160-170°) in this region. In AmpG, this pronounced TM2 deformation
also serves to orient the near invariant Lys62 along with well conserved
Tyr59 to point into the central periplasmic exposed cavity, with a
direct role in substrate binding (Fig. 4b).

The outside-open state presents a large binding cavity to the
periplasm

In the captured outward-facing conformation, AmpG displays a large
funnel-shaped binding cavity extending about three-quarters of the
way through the membrane, which is conserved amongst AmpG
homologs of clinical significance (Figs. 2f, 4c, and Supplementary
Fig. 1). The GIcNAc-1,6-anhydroMurNAc-peptide substrates have an
overall net negative charge (Fig. 1b) and we note a general electro-
positive surface of the cavity, with residues Lys133, Argl53, Lys235,
Lys265, and Arg365 positioned to potentially help guide the substrate
into the funnel-shaped binding pocket (Fig. 5a, b).

The cavity is sealed to the cytoplasm by multiple interactions,
notably between TM4/TM5 and TM10/TM11 from the N- and C-terminal
bundles, respectively (Fig. 2d). As discussed above, the interaction
between motif A Asp70 on TM2 and the N-terminal helical dipole of
TMI1 is key to stabilizing this conformation (Fig. 4a). We observe
density extending into the cavity interacting with TM2, TM4 and TM5
of the N-terminal bundle that is consistent with a molecule of DDM
positioned with its 12-carbon acyl tail pointing into the hydrophobic
cleft created by TM13 and TM14 (see below), and its maltose dis-
accharide head group in the substrate binding cavity (Fig. 4c-e). Based
on chemical similarity and binding to key conserved residues, we
propose the latter is mimicking binding of the GIcNAc-1,6-anhy-
droMurNAc disaccharide of the natural substrate. The binding site is
defined by the side chains of highly conserved residues Tyr59, Lys62,
Aspl25, Asp129 and Tyr152 (Fig. 3a). Asp125 (TM4) and Tyr152 (TM5)
closely contact the terminating glucose sugar ring hydroxyls of DDM
(Fig. 3b). Lys62 on TM2, mentioned above as an AmpG-specific adap-
tion of MFS motif A, is also pointed into the cavity, where it is within
hydrogen bonding distance of the first glucose sugar of DDM. Lys62 is
partially buried in a remarkably conserved hydrophobic pocket com-
posed of residues Tyr59, Phe63, Trp65, Alal22, lle126, and Ala355 that
restrains its side chain orientation. As a consequence of sugar binding,
the lysine amino side chain becomes more buried, with a solvent
accessible surface of 16 A’ compared to 51 A’ with the DDM
removed*’,
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Fig. 3 | Conserved residues in E. coli AmpG. a Sequence conservation logo created
using 2936 sequences identified from EVcouplings with a bitscore of 0.7. Plotted in
WebLogo3 with key motifs and features annotated (see methods). b Binding cavity
interactions with the sugar moiety of DDM. ¢ Conserved titratable residues on the
C-terminal helical repeat. Glu326 and Asp238 form a conserved carboxyl-

carboxylate pair coordinated next to Lys235. d Conserved titratable residues on the
N-terminal helical repeat. Motif A Asp70 coordinated by Arg79 and Arg80 inter-
acting with TMI1 helix dipole and substrate binding site Lys132, Asp129, and Asp125.
e “Foot-in-the-door” motif, which stabilizes the C-terminal helical bundle and helps
create the hydrophobic vestibule.

Conserved Lys62 and Tyr152 are important for AmpG activity

Lys62, Aspl25, Aspl129, and Tyrl52 are highly conserved (Fig. 3a),
including in strains of clinical significance (Supplementary Fig. 1), and
the proximity to the bound disaccharide of DDM suggests their
importance for AmpG substrate binding and transport. To explore this
further, Lys62 and Tyr152 were selected for mutation and tested in a -
lactam susceptibility assay. Although E. coli ampCis not inducible by [3-
lactams®, E. coli (Ec) ampG can cross-complement an ampG knockout
in inducible strain P. aeruginosa PAO1 and restore growth to wild-type
levels in the presence of the second-generation cephamycin antibiotic

cefoxitin (CEF), due to upregulated AmpC [-lactamase activity
(Figs. 1a, 6a). ECAmpG K62A and Y152A mutants both had decreased
CEF minimal inhibitory concentrations (MICs), similar to AampG
complemented with empty vector, suggesting these point mutants are
not functional for transport of the PG products required to upregulate
AmpC. Increasing the expression of the ECAmpG Y152A but not the
K62A mutant with 0.1% arabinose partially restored resistance (Fig. 6a).

To test the role of these residues in other homologs, we repeated
the susceptibility assay using P. aeruginosa (Pa) AmpG. Com-
plementation of the P. aeruginosa AampG mutant with the equivalent
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Fig. 4 | Substrate binding cavity of outward facing E. coli AmpG. a AmpG motif A
stabilizes the outward conformation with the Asp70 carboxylate forming an elec-
trostatic interaction with the N-terminal helix dipole of TM11, likely enhanced by
coordination with Arg79, Arg80, and Asp134. Colored as in Fig. 1d, with mentioned
residues marked by *. b Conserved Trp65 and Trp83 in the motif A adaption sta-
bilize the kink in TM2, creating an expanded binding cavity and positioning key
residues e.g., Tyr59 and Lys62 for substrate binding. The observed PE lipid extends
across the aromatic and nonpolar residues on TM2 and TM4. ¢ Electrostatic surface

of the periplasmic substrate binding cavity of AmpG with bound DDM. The maltose
sits near an electronegative pocket arising from conserved Asp125 and Asp134,
while the hydrophobic acyl chain points into the hydrophobic vestibule between
the MFS helical bundle and additional C-terminal helices TM13 and 14. d AmpG
substrate binding cavity colored by hydrophobicity. Side chains of disaccharide
binding residues shown as sticks and labeled. DDM and lipid are shown as in a.

e Density in the binding cavity of AmpG of the modeled bound DDM. f Density
consistent with a water coordinated between Lys62, Asp125, and Asp129.

PaAmpG point mutants (K66A or Y159A) resulted in similar decreases
in CEF MICs (Fig. 6b) supporting the functional importance of these
residues across the AmpG family. Further, titration of arabinose
showed a dose-dependent response with 0.5% arabinose restoring CEF
MICs to near wild type levels for YI59A, while growth of K66A was only
partially restored, demonstrating mutation at this position is less tol-
erated for AmpG function (Fig. 6¢). To further probe the specific roles
of PaAmpG Lys66 and Tyr159, we performed a reverse genetic screen
in P. aeruginosa, looking for mutations that could rescue growth of
K66A or YI59A mutants in the presence of CEF but not in the presence
of piperacillin (PIP). Both antibiotics are substrates of B-lactamase
AmpC; however, PIP is only a weak inducer of AmpC*°. Therefore,
resistance to CEF and PIP could indicate a mutation that results in
constitutive upregulation of AmpC (e.g., through ampR or ampC

promoter mutations) while CEF resistance but PIP sensitivity
could indicate a mutation in PaAmpG that restores its function.
Remarkably, for K66A we identified multiple suppressors with a
D74N mutation that partially restored function (Fig. 6d). P. aeruginosa
Asp74 is equivalent to E. coli Asp70 in motif A and the repeated
occurrence of the same aspartate to asparagine mutation in combi-
nation with K66A suggests a possible mechanistic relationship
between these two conserved residues in the substrate binding site
and motif A, respectively.

In line with these results, we tested the ability of both ECAmpG
K62A and Y159A mutants to bind GlcNAc-1,6-anhydroMurNAc using
MST, showing a reduced binding affinity for GIcNAc-1,6-anhy-
droMurNAc of >2mM and -500 uM, respectively (Supplemen-
tary Fig. 3c).
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Fig. 5 | Modeling of the inward-open state of AmpG. AmpG in the experimental
outward open conformation (a) compared to the AlphaFold3* modeled inward
open conformation (b), shown with Coulombic electrostatic potential surface
(above) calculated with ChimeraX***° and evolutionary coupled sets of resides
(below). Residue pairs on the periplasmic side of the protein, Lys47 and Glu377
(green), are strongly coupled. They are separated -30 A in the outward structure
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but form close contacts in the inward model. At the cytoplasmic side, Asp134 and
Ser350 (gold) are also evolutionarily coupled. c Interaction of evolutionary coupled
residues E377 and K47 in the modeled inward state. d Structural alignment of N-
and C-terminal helical bundles of the experimental outward and modeled inward
(gray) states. TM1-TM6 (residues 1-195) RMSD was 1.7 A, and TM7-TM12 (residues
223-413) RMSD was L1A.

An AmpG specific hydrophobic vestibule to the substrate
binding cavity

Our structure also illustrates an unusual structural motif in AmpG,
comprised of antiparallel C-terminal helices TM13 and TM14 that pack
along one opening of the periplasmic binding cavity (Fig. 2c, d).
Fourteen TMs is a departure from the canonical 12 TM MFS topology
present in structural homologs of AmpG (Supplementary Fig. 9). In the
AmpG family, these helices are typically located at the C-terminus as
observed in E. coli here. However, some AmpG orthologues, including
those from P. aeruginosa and A. baumannii, have an internal insertion
between the N- and C-terminal helical bundles (Supplementary Fig. 1).

Despite this, these insertions show a similar predicted structural pla-
cement and formation of related hydrophobic vestibule structures
(Supplementary Fig. 10).

Here, both TM13 and TMI4 are classical bitopic membrane-
spanning helices of >25 residues. Rather than typical intimate hydro-
phobic packing with TM2 or TM1], a clear structural “foot-in-the-door”
is observed at the cytosolic end of TM13 and TMI14. This involves the
amphipathic helix (TM6b; residues 207-219) and the loop to TM7,
which provide a wedge-like protrusion with stabilizing interactions
therein (Figs. 3e, 4d). Conserved residues Asp217, Phe218, Phe219 and
Arg221 create a set of hydrophobic and electrostatic interactions, with
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Fig. 6 | Cellular AmpG assays. a Effect of cefoxitin on growth of a P. aeruginosa
PAO1 ampG knockout complemented with E. coli AmpG on low-copy plasmid
pHERD3O0T. Leaky (uninduced) expression of WT ampG (green up-arrow) restored
growth to WT levels, while K62A (orange diamond) or Y152A (blue square) mutants
had the same expression as empty control (gray down-arrow). Induction of
expression with 0.1% arabinose partially restored growth of Y152A but not K62A.
b P. aeruginosa AmpG mutants tested as in a. K66A and Y159A affected growth
similarly to the ampG knockout (coloring as in a). On induction with 0.1% arabinose,
growth of K66A and Y159A was partially restored to varying degrees. ¢ Growth of
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P. aeruginosa AmpG mutants as in b at varying levels of arabinose induction (gray
down-arrow uninduced, blue circle 0.1%, green up-arrow 0.2%, orange diamond
0.5%). Both K66A and Y159A show a concentration-dependent increase in growth
on induction, with the response much higher for Y159A. d Identification of a D74N
mutant that rescues growth of the P. aeruginosa AmpG K66A mutant. (coloring as in
a, blue square represents K66A/D74N). Experiments were performed in technical
triplicate and biological duplicate with a representative shown. Data points corre-
spond to technical replicates, with error bands representing SD.

the guanidinium group of Arg221 forming an electrostatic pair with
Asp217 and also stacking against the aromatic rings of Phe218 and
Phe415 from the loop connecting TM12 and TM13. Additional inter-
actions, including conserved mi-stacking of the side chain guanidinium

of Arg418 and the aromatic side chain of Tyr425, further stabilize this
complex intersection of helical segments. The ultimate consequence
of this wedge-like protrusion is a dramatic hydrophobic cleft,
approximately 30 x 30 x12 A, closed at the cytosol and running up to
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the periplasmic space. The hydrophobic faces of TM13 and TM14 form
one wall with TM11, TM2, the C-terminus of TM6b and TM7 the other.
We observe a significant amount of non-protein density in this region,
which funnels down to the substrate binding pocket, which may
represent loosely associated detergent or inherent lipids (Supple-
mentary Fig. 11a). In addition, we observe a diacyl lipid bound at the
lateral entrance to the vestibule with its headgroup sandwiched
between the periplasmic ends of TM2 and TM13 while the two acyl tails
extend down the outer surface of TM2 towards motif A and the cyto-
plasmic face of AmpG (Supplementary Fig. 11b, c). The density is well
modeled by a PE lipid, which are highly abundant (~75 %) in E. coli
membranes®.

Discussion

Here, we have determined the cryo-EM structure of E. coli AmpG in an
outward-open conformation with an observed disaccharide of DDM
helping to define the GlcNAc-1,6-anhydroMurNAc-peptide substrate
binding cavity. Together with binding data here, these directly support
prior transport assays'* showing that the main determinant of sub-
strate binding is the disaccharide moiety. An ordered diacyl lipid
modeled as PE is bound in the entrance to a hydrophobic “vestibule”
structure, adjacent and continuous with the substrate binding cavity
that could provide space for the larger-than-typical MFS substrates of
AmpG. The structure reveals key interactions that stabilize the out-
ward state of the transporter, open to the periplasm, and those
involved in conformational changes that underlie the import
mechanism, several of which are supported here by mutational data in
vitro. In addition to its physiological roles in cell wall recycling and
bacterial fitness, AmpG plays a key role in the upregulation of f-
lactamase AmpC, which is a direct cause of broad spectrum f-lactam
resistance in clinically relevant ESKAPE pathogens, including P. aeru-
ginosa, Enterobacter spp., and K. pneumoniae’®. Thus, the added
understanding of the structure and mechanism of AmpG could help
guide the development of new antimicrobial therapies or resistance
inhibitors.

AmpG is a symporter, using proton transfer to mediate the con-
formational changes required for substrate transport from the peri-
plasm to the cytoplasm™. As captured here for AmpG, the outward-
open conformation of MFS symporters is typically more energetically
stable, with the transporter exposed to the exterior for substrate
binding®. A defining feature is motif A (we propose an AmpG-specific
adaption of the canonical motif to cover AmpG residues 65-83;
Figs. 3a and 4a, b). The motif A central aspartate (AmpG Asp70) is
highly stabilizing for the outward substrate loading conformation of
MFS importers®. Here, an electrostatic interaction between the
Asp70 side chain carboxylate and the N-terminal helical dipole of TM11
represents the primary interaction point of the N-terminal and
C-terminal bundles (Fig. 4a). Modulation of this interaction is central to
the rigid body conformational switch of the N- and C-terminal helical
bundles between outward and inward states®*** (Fig. 7a). Protonation
of the carboxylate is implicated in this, which would neutralize the full
charge on the side chain and eliminate the significant electrostatic
interaction with TMI11. Interacting with Asp70 here, conserved Arg80
and Aspl34 have been proposed to function as a charge relay triad
important to this process in other MFS transporters®*, which we sug-
gest either modulates the local electrostatic environment and pKa of
Asp70, and/or plays a direct role in post-delivery passage of the proton
from Asp70 through to cytosolic solvent. After transport, deprotona-
tion of Asp70 is presumably needed to regenerate the outward form
for the next round of substrate loading in the periplasm. In line with
this role, in silico mutation of just Asp70 to alanine allowed us to obtain
an inward-open conformation of AmpG using AlphaFold3* (Fig. 5),
otherwise not predicted for the wild type sequence.

Outside of motif A, there is a remarkable variety in the specific
residues implicated in substrate binding and proton relay described

for various MFS proteins, painting a general picture highlighting the
complexity and substrate specific differences of the proton pathway(s)
important to optimal transport action®>****, In AmpG, there are seven
highly conserved, titratable residues in the central cavity that can be
divided into two clusters: Lys62 (TM2), Asp125, Asp129, and Lys132
(TM4) on the N-terminal helical repeat; and Lys235, Asp238 (TM7) and
Glu336 (TM10) on the C-terminal repeat (Fig. 3).

The N-terminal repeat residues form part of the DDM maltose
binding site, with Lys62 and Aspl25 positioned close enough to form
direct interactions (Fig. 3b). We propose that this glucose disaccharide
mimics the native GIcNAc-1,6-anhydroMurNAc substrate. In support,
mutation of Lys62 or Tyr152, which also forms the binding pocket for
the terminal glucose, both abrogated function in E. coli and P. aerugi-
nosa AmpG homologs (Fig. 6) and impacted substrate binding (Sup-
plementary Fig. 3c). Lys62, Asp125, Aspl29 and Lys132 are within
proton transfer distance of one other, with the two aspartates notably
forming a carboxyl-carboxylate pair*® (Fig. 3b). In functional homo-
logs, FucP and PepT, titratable residues at positions analogous to
Aspl25 have been confirmed to be essential for transport activity*>*’.
Remarkably, we found that spontaneous mutation of motif A aspartate
to asparagine in P. aeruginosa AmpG (Asp74) could partially rescue 3-
lactam resistance when the lysine (Lys66) was also mutated to alanine
(Fig. 6d), establishing a possible mechanistic link between these two
positions. This could be direct, with a charge relay pathway from Lys66
culminating in Asp74 protonation outlined above (mimicked by the
asparagine substitution) and change from outward to inward-open
states (Fig. 7). However, although the motif A aspartate is often sug-
gested to be the endpoint for proton transfer in MFS action, which is
indeed conceptually satisfying here as well, we note a conserved net-
work of the Asp70 carboxylate with a solvated Arg80/Arg8l cluster
would presumably depress its pKa, suggesting its electrostatic
potential may always be “on” in a deprotonated, electronegative form
that could still facilitate the return to the stabilized outward form with
the TMI1 helical dipole, without necessarily needing to go under pro-
tonation/deprotonation events per se. Alternatively, the link between
Lys62 and Asp70 could be indirect, with the neutral amide side chainin
the Asn70 mutant weakening the electrostatic interaction with TM11
and lowering the energy barrier to flip between states, which could
compensate for loss of Lys62. Lys62 is partially buried in an unusual
hydrophobic environment (conserved Tyr59, lle126, Ala355 and
Phe354) that would allow for a depressed pKa to facilitate protonation/
deprotonation events at physiological pH*®. The Asp125 and Asp129
carboxyl-carboxylate pair is also likely stabilized by the altered pKa’s
typical of those interactions® (see also below), further fine tuning
these residues for precise proton-driven events. A charged protonated
state of Lys62 could provide repulsive energy to expel substrate and
drive the needed motion of the closely packed adjacent hydrophobic
TMI1 face to the inward state (Fig. 7), in turn effectively solvating the
Lys62, Asp125, Aspl29, and Lys132 cluster. We observe density con-
sistent with solvation around these key residues, notably a putative
water meditating an interaction with Lys62, Asp125, and Aspl29
(Fig. 4f) that could potentially shift to act as a proton donor/acceptor
to compensate for loss of the amine side chain in the K62A mutation,
recovering the observed partial activity.

The conserved C-terminal repeat cluster (Lys235, Asp238 (TM7)
and Glu336 (TM10)) is located on the opposite face of the cavity
(Fig. 3¢). YajR, LmrP, and NorA have pairs of titratable residues located
on TM7 and TM10 implicated in proton translocation, albeit with small
differences in disposition*>***°, Asp238 and Glu336 form a carboxyl-
carboxylate pair like Asp125 and Asp129. These motifs have unique pKa
properties compared to free carboxylic acids (pKa ~ 4), with the pKa of
one of the carboxylic acids shifting to overcome the repulsive
interaction*” and are generally involved in protein stabilization,
enzyme catalysis, and substrate binding'®. In some proteases,
carboxyl-carboxylate pairs can overcome potentially repulsive

Nature Communications | (2024)15:9936

10


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-54219-9

a

3007 X

30

Fig. 7 | Proposed AmpG transport mechanism. a Substrate binding (GIcNAc-1,6-
anhydroMurNAc with R representing -OH, tri, tetra, and pentapeptide chains;
purple) and protonation of conserved acidic residues are proposed to result in a
rigid body conformational shift of AmpG. Motif A Asp70 interacts with the TM11
helix dipole to stabilize the outward open state. The disruption of this interaction
e.g., by protonation is proposed to be a key part of the switch to the inward
conformation. Positions of conserved titratable residues shown. Dotted arrows

Experimental Outwards Open

Evolutionary coupled residues

Y ) Conserved proton titratable residues

Periplasm

Cytoplasm
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suggest a proposed flow of proton transport. Evolutionary coupled residues Lys47
and Glu377 are over 30 A apart in the outward model but come together to interact
in the inward conformation. A potential role of lipid(s) in this mechanism, as sug-
gested by the observed ordered PE, is yet to be determined. b Conserved titratable
residues as in a shown as spheres. ¢ Experimentally determined outward-open
structure of AmpG. A GlcNAc-1,6-anhydroMurNAc substrate is shown in sticks.

d Modeled inward conformation.

interactions with substrates and products with carboxylic acid
groups’. We note that the AmpG substrate GIcNAc-1,6-anhy-
droMurNAc-pentapeptide itself has up to three carboxylic acid groups,
suggesting this region could be involved in binding or sensing of the
substrate stem peptide.

AmpG has a larger central cavity than structurally similar MFS
proteins (Supplementary Fig. 9), in line with the need to accommodate
the relatively large GIcNAc-1,6-anhydro-MurNAc sugars with varying
peptide lengths (tri, tetra or penta), which are uniquely specific to
AmpG (Fig. 1a). Binding analyzes here, plus previous literature using
cellular transport assays', agree that the GIcNAc-1,6-anhydroMurNAc
is the key determinant of binding. The presence of the fully intact D-
Ala-D-Ala pentapeptide with several inherent charges (which accu-
mulates in the periplasm during (3-lactam antibiotic treatment; Fig. 1a)

does not significantly enhance binding (Supplementary Fig. 3a) or
transport'* beyond that of the disaccharide alone. The MurNAc anhy-
dro moiety is, however, important for optimal transport* and we
suggest this enhances binding to the hydrophobic face of TMI11 and
further desolvates the adjacent Lys62. Synthesis of GIcNAc-1,6-anhy-
dro-MurNAc-L-Ala-COOH or amidated GIcNAc-1,6-anhydroMurNAc-L-
Ala-CONH?2 allowed us to further investigate the effects of a premature
terminal charge. Interestingly, while the amidated substrate had simi-
lar binding to the regular substrates, the GIcNAc-1,6-anhydroMurNAc-
L-Ala-COOH substrate was relatively impaired (Supplementary Fig. 3a).
This suggests that the peptide, although not contributing greatly to
overall binding, must be accommodated within the cavity, and there-
fore appropriately positioned electrostatic interactions in the binding
pocket are likely essential in discriminating substrates.
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The AmpG structure also reveals a vestibule to the central cavity
formed by the helical insertion in the AmpG family. This structure
could further extend the central cavity and provide additional binding
capacity for the large AmpG specific substrates. Lipids are also likely to
occupy the vestibule in the physiological membrane environment
(Supplementary Fig. 11a). Although not fully understood, it is becom-
ing apparent that lipids play an essential role in both structure and
function of various MFS members®*®. PE is especially crucial for
activity in several transporters, including LmrP, LacY, PheP, and
GabP>7¢, A structured lipid linking the lateral entrance of the vestibule
and motif A on opposing leaflets of the membrane (Supplementary
Fig. 11b, c) could suggest a specific role in AmpG function, in substrate
binding, regulation of transport or substrate-induced signaling,
although further experiments are needed to investigate this
observation.

AmpG plays a key role in 3-lactamase induction in clinically rele-
vant pathogens, including P. aeruginosa, Enterobacter spp., and K.
pneumoniae’®. Inhibition of this protein would be a valuable approach
for tackling these multidrug-resistant bacteria and the infections they
cause. As shown in our MIC data, the deletion of AmpG from
PAOL1 strains resulted in a 30-fold decrease in the CEF MIC. Addition-
ally, mutation of the binding pocket residues Lys62 and Tyr152 abol-
ished activity, showing the promise of a binding site inhibitor of AmpG.
A potential inhibitor wouldn’t need to cross the inner membrane to act
on the protein, improving the feasibility of development compared to
other cytosolic targets of Gram-negative bacteria. Beyond AmpC reg-
ulation, the cell wall recycling role of AmpG is likely important to
general bacterial fitness in all strains, independent of AmpC induci-
bility. Therefore, targeting the AmpG symporter as part of new
synergistic antimicrobial cocktails, particularly in combination with
the still commonly prescribed B-lactam antibiotics, is a compelling
approach for enhancing therapeutic efficacy.

Methods

Chemical Synthesis of Substrates

Chemicals were purchased from Millipore Sigma, Alfa Aesar, Fischer
Scientific, Combi-blocks, Ark Pharm, and Chem-Impex Int. All chemi-
cals were used directly without further purification unless noted. TLC
plates were purchased from EMD Chemical Inc. Flash silica chroma-
tography was conducted using silica gel SiliaFlash F60 (Silicycle, 230-
400 mesh) or (where noted) high- purity Davisil Grade 633 (200-425
mesh, pore size 60 A) silica gel. Strongly acidic hydrogen form Dowex®
50 W X8 resin was purchased from Millipore Sigma. All reactions were
carried out in Pyrex borosilicate glassware.

Detailed chemical synthesis of compounds 2 and 3 are recorded in
the Supplementary Methods. The synthesis of compounds 1 and 4 has
been described in the previous work of Soni et al., 2020%. 'H NMR
spectra and proton-decoupled C NMR spectra were recorded on
either a Bruker AV400sp spectrometer at a field strength of 400 MHz
for 'H spectra and 101MHz for C spectra or a Bruker
AV600 spectrometer at a field strength of 600 MHz for 'H spectra and
151 MHz for BC spectra. High-resolution spectra were recorded on a
Waters/Micromass TOF spectrometer equipped with electrospray
ionization (ESI) at the UBC Chemistry Department’s Mass Spectro-
metry Facilities.

E. coli AmpG Purification

Various species of AmpG were considered for expression, but E. coli
AmpG was chosen for optimal lipid environment during expression. E.
coli ampG was cloned in pET28a and pET41b vectors with thrombin-
cleavable hexahistidine tags at the N- or C- terminus (Supplementary
Table 2). To assist with orientation in structural determination, an
addition of thermostabilized apocytochrome b562 from Escherichia
coli M7W/H102I/R106L (BRIL) was designed'®*’. The AmpG BRIL con-
struct was cloned with restriction-free cloning protocols of

amplification of BRIL, and insertion at the C-terminal end of AmpG
pET28a plasmid (Fig. 2a)*®.

Constructs were overexpressed in C4ldompFAacrF cells in ZY
autoinduction media with kanamycin for 4 hrs at 37°C and 16 hrs at
27 °C", harvested by centrifugation and stored at -80 °C. All sub-
sequent steps were performed at 4 °C. Cell pellets were resuspended in
10% glycerol, 20 mM HEPES pH 7.5, 500 mM NaCl with 20 ug ml™
DNase I (Roche) for 30 min and lysed with high-pressure homo-
genization 3x at 30 kpsi (Constant Flow Cell Disruptor). Cell debris was
separated by centrifugation at 18,000 g for 30 min, and membrane
components were separated by centrifuging the supernatant at
200,000 g for 60 min. The AmpG membranes were solubilized in
20 mM Tris pH 8, 500 mM NaCl with a glass Teflon Dounce homo-
genizer before extraction in 1% N-dodecyl-3-D-maltopyranoside (w/v)
(DDM, Anatrace) for 1hour. Insoluble debris was removed by further
centrifugation for 30 minutes at 200,000g. The supernatant was
loaded onto 5ml of HisPur™ Cobalt Resin (ThermoFisher), equili-
brated with 20 mM Tris pH 8, 500 mM NaCl, 0.016% (w/v) Anagrade
DDM, and incubated shaking for 30 min, followed by washes of 10 mM
imidazole, 20 mM Tris pH 8, 150 mM NaCl, 0.016% (w/v) Anagrade
DDM, before overnight on column cleavage with bovine alpha-
thrombin (Prolytix). Flow through and 10 mL wash was collected and
concentrated with 50 kDa molecular mass cut-off cellulose membrane
(Merck Millipore) before further purification using a Superdex 200
Increase 10/300 GL column equilibrated with 20 mM HEPES pH 7.5,
200 mM NacCl, 0.016% DDM. The WT AmpG was concentrated and flash
frozen for kinetic determination, while the AmpG BRIL construct was
then further combined with BAG2 antibody for cryo-EM. Initial con-
firmation of AmpG BRIL BAG2 binding was observed in glycerol gra-
dient ultracentrifugation. Glycerol gradients with 5 to 25% (v/v)
glycerol (200 mM NaCl, 20 mM HEPES pH 7.5, 0.016% (w/v) Anagrade
DDM) were made using a Gradient Master (BioComp Instruments)*’.
AmpG BRIL and BAG2 at 4 mg/ml in a 1:1.5 ratio were loaded onto the
gradient and centrifuged for 16 hours at 194,000 g in a SW55 Ti rotor
(Beckman Coulter), and fractionated using a gradient fractinator
(BioComp Instruments). Sample binding was demonstrated by coelu-
tion in the gradient. For Cryo-EM, AmpG BRIL and BAG2 were added in
a 1:1 molar ratio of 50 uM each in 200 mM NaCl, 20 mM HEPES pH 7.5,
0.016% (w/v) Anagrade DDM and incubated for an hour before elec-
tron microscopy experiments.

Negative-stain electron microscopy

F coated, carbon supported copper grids, 400 mesh (Ted Pella, Inc)
were glow-discharged (PELCO easiGlow™) before 4 pL of complex was
applied to the grids and stained with 2% of uranyl acetate. Negative-
stain data collection was carried out on a Talos L120C transmission
electron microscope equipped with a CETA camera and LaB6 filament
(High Resolution Macromolecular Electron Microscopy Facility, Uni-
versity of British Columbia), collecting 556 micrographs. Image pro-
cessing for initial reconstruction was performed in CryoSPARC(4.4.1)°
with manual picking to create initial templates for template picker to
pick 675 932 particles. Particles were then cleaned with 2D classifica-
tion for a final stack of 124 279, before ab initio reconstruction of the
final volume.

BAG2 purification

BAG2 antibody, a synthetically designed fiducial against BRIL from the
Kossiakofflab'®, was expressed in E. coli BL21 (DE3). Cells were grown in
2xYT media with kanamycin at 37 °C until OD¢oo = 0.6, and induced
with 1mM IPTG at 37 °C for 4 hours. Cells were harvested with cen-
trifugation, and resuspended in 20 mM HEPES pH 7.5, 200 mM Nacl,
20 g ml™ DNase 1 (Roche), cOmplete protease inhibitor (Roche) at
4 °C, followed by lysis with high-pressure homogenization 3x at 25 kpsi
(Constant Flow Cell Disruptor). Resulting lysate was incubated at 60 °C
for 30minutes to denature bacterial proteins before
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ultracentrifugation to remove debris for 30 min at 200,000 g at 4 °C.
The supernatant was filtered with a 0.22 yM membrane, before loading
onto a 1 ml HiTrap™ Protein L column (Cytiva) equilibrated with run-
ning buffer (20 mM HEPES pH 7.5, 500 mM NaCl). BAG2 was washed
with running buffer, before elution with 0.1 M acetic acid and dialyzed
overnight at 4 °C into 20 mM HEPES pH 7.5, 200 mM Nacl, and con-
centrated in 15 kDa molecular mass cut-off cellulose membrane (Merck
Millipore) for combination with AmpG BRIL.

E. coli AmpG nanodisc reconstitution

AmpG was reconstituted into nanodiscs followed the same pur-
ification protocol through membrane extraction, and all sub-
sequent steps were done at 4 °C. The extracted protein was loaded
onto 5ml of HisPur™ Cobalt Resin overnight, before a wash of
10 mM imidazole and 5x10 ml elution fractions of 20 mM sodium
acetate pH 4.5, 500 mM NaCl, 0.016% (w/v) Anagrade DDM. AmpG
was then concentrated with 50 kDa molecular mass cut-off cellulose
membrane (Merck Millipore) before further purification using
a Superdex 200 Increase 10/300 GL column equilibrated with
20 mM HEPES pH 7.5, 500 mM NacCl, 0.016% (w/v) Anagrade DDM. E.
coli polar lipids (Avanti Polar Lipids) were desiccated into a thin film
before solubilization in 20 mM HEPES pH 7.5, 500 mM Nacl, 2% (w/
v) Anagrade DDM. AmpG was then added in a 1:2:60 ratio of pro-
tein:MSPID1:E. coli polar lipids, and let assemble for 45 min*®. Sm2
adsorbent Bio-beads (Bio-Rad) were then added to remove the
DDM, using a 3-fold weight excess of biobeads to DDM, adding the
first third for one hour, and the rest of the biobeads overnight.
Following nanodisc assembly, nanodiscs were centrifuged at
100,000 g for 30 min, before loading onto 1 ml equilibrated His-
Pur™ Ni-NTA Resin with 20 mM HEPES pH 7.5, 500 mM NacCl. Protein
was eluted with 200 mM imidazole, concentrated with Amicon
Ultra-15 concentrator (Millipore) with a molecular weight cutoff of
50 kDa, and injected onto a Superdex 200 Increase 10/300 GL col-
umn equilibrated with 20 mM HEPES pH 7.5, 200 mM NaCl. The
peak fraction was then concentrated to 12 uM, with a corresponding
amount of buffer for a blank, before confirmation of protein con-
centration using a BCA Assay (ThermoFischer) and immediate usage
for ITC.

Isothermal Calorimetry

All ITC measurements were performed on an MicroCal PEAQ-ITC
instrument (Malvern Panalytical) in biological triplicate. AmpG was
purified in nanodiscs as described in assay buffer (20 mM HEPES pH
7.5, 200 mM NaCl) and concentrated to 12 uM, concentration mea-
sured by Pierce™ BCA Protein Assay (ThermoFischer). The titrand
(AmpG) in the sample cell was titrated with substrate (GIcNAc-L,6-
anhydroMurNAc) in the syringe at a concentration of 10 mM, with
mixing speed s 300 rpm, cell temperature 25°C, reference power
5 pcal/s, and with an initial delay of 60 s. The heat released was plotted
as positive peaks. The data was analyzed using the provided software
(MicroCal PEAQ-ITC Analysis Software v1.41), and corrected heat was
plotted against the molar ratio of titrant vs titrand. Data fitting was
performed using a one-site independent-binding model included in
the software to obtain the equilibrium dissociation constant
(Kp) =V Ka.

Surface Plasmon Resonance

A Biacore T200 was used for surface plasmon resonance (Cytiva). For
kinetic data measurements between BAG2 antibody and AmpG BRIL, a
CMS5 S Series sensor chip (Cytiva) was used. BAG2 antibody was
immobilized on the surface at a flow rate of 10 ul/min and concentra-
tion of 30 ug/ml. Next, AmpG BRIL was injected at a flow rate of 30 pl/
min at 25°C, and the chip surfaces were regenerated by injection of
3 M GuHCI after each cycle for 120 s at a flow rate of 10 pl/min. These
SPR experiments were performed in 20 mM HEPES pH 7.5, 200 mM

NaCl with 0.05% Tween-20 (Sigma) and 0.016% (w/v) Anagrade DDM.
Kinetic analysis was performed with the provided T200 software using
a I'1 model.

Microscale Thermophoresis

AmpG in 20 mM HEPES pH 7.5, 200 mM NaCl, 0.016% (w/v) Ana-
grade DDM was labeled with Alexa Fluor 647 Dye (ThermoFisher) with
a 30 min dark incubation at a 3-fold molar ratio of dye to protein,
followed by elimination of free dye using PD SpinTrap G25 columns
(Cytiva). GIcNAc-1,6-anhydroMurNAc and full pentapeptide were syn-
thesized as described by Soni et al., 2020%, and full synthesis protocols
for intermediate substrates are described in the Supplementary
Methods. Pluronic® F-127 surfactant was added at 0.1% in assay buffer
to minimize aggregation. AmpG was used at concentration of 10 nM,
and substrates were used at a highest concentration of 10 mM in a
2-fold dilution in 16 Monolith NT™ Standard Treated Capillaries
(K0002, Nanotempr technologies). Measurements were performed in
technical triplicate at room temperature, and normalized fluorescent
signal was plotted as a function of ligand concentration. Data analysis
was performed in supplied MO Affinity Analysis software v2.3 using a
Kd model for data fitting, and a software defined 68% confidence
interval for uncertainty.

Cryo-EM data collection

Quantifoil (R1.2/1.3) 300 mesh Au grids (SPT Labtech) were glow-
discharged for 2 minutes before 3 ul of protein sample was applied.
The grids were blotted for 2.5 s with a Vitrobot Mark IV (ThermoFisher)
at 4 °C and 100% humidity before being plunged into liquid ethane and
stored in liquid nitrogen. The High-Resolution Macromolecular Cryo-
Electron Microscopy facility at the University of British Columbia
performed the screening of the grids on a Krios (ThermoFisher)
transmission cryogenic electron microscope with a 300 kV accelerat-
ing voltage and a 300 kV Titan Krios (ThermoFisher) transmission
cryogenic electron microscope equipped with a Falcon 4i (Thermo-
Fisher) direct electron detector and a Selectris (ThermoFisher) energy
filter, with an EPU software package. The full dataset was collected on
the same microscope, with images gathered in electron-counting
mode at 0.59 A per physical pixel. The total dose delivered to the grids
was 60 e” A2 over 875 frames in the EER video format. Fully automated
data collection was performed using EPU (ThermoFisher) with a
nominal defocus range set from 0.5 to 3.0 um.

Cryo-EM processing

For the AmpG-BRIL BAG2 sample, 43 215 movies were collected at a
pixel size of 0.59 A per pixel, and 39 856 were accepted for data ana-
lysis. Processing was performed in CryoSPARC(4.4.1)° (Supplemen-
tary Fig. 5). Blob picker in a subset of 15 484 micrographs was initially
used for particle picking of 8 672 028 with 4x binning, which was used
for 2D classification. A stack of 162 361 particles were used for initial 2
class ab initio 3D reconstructions that were then input as a template for
template picker of the full 39 856 micrographs. 9 634 256 particles
were then sorted with 2 class heterogenous refinements using the ab
initio reconstruction and junk class, and then further filtered with 2D
classifications and 2 class ab initio reconstructions, and then processed
for multiple rounds of heterogeneous refinement. The best volume
was further refined with NU-refinement with 128 404 particles, and a
1795 subset of particles was used to train a topaz picker model. Topaz
picked 1 536 241 particles that were classified with 2D classification, 2
class heterogenous refinement, and 2 class ab initios and locally
refined for a 4.12 A model with 379 933 particles. This was used to train
a more inclusive topaz model and particle pick 5491 442 particles that
were filtered and classified as described to 1963 390. Particles were re-
extracted at 2x binning, and filtering continued with NU refinements
with dynamic masking, and local refinements with a soft static mask
were used for final refinements with 503 623 particles with global
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resolution of 3.78 A and local resolution of most of the protein of
3-3.5 A. Model building was performed manually in COOT with a
starting reference of the modeled wild-type AmpG Alphafold
structure®*', Refinements were performed with Phenix real space
refine, and the modeled position of DDM in the density was sup-
ported by similar predictions of position in Autodock Vina®*®,
Structure and sequence analysis was performed in Consurf®,
COOT®, ChimeraX®, Pymol®, Alphafold3*, EVCoupling®,
Weblogo3®, and Dali*.

Functional Mutants expressed in PAO1

P. aeruginosa PAO1 was used as a parent strain for all assays. PAO1
AampG strain was constructed previously®®. Overnight bacterial cul-
tures were made by inoculating 3 mL of lysogeny broth (LB - Lennox)
from a frozen stock and incubating at 37 °C while shaking. When
appropriate, cultures contained antibiotics at the following con-
centrations: 15 or 30 ug/mL of gentamicin for E. coli or P. aeruginosa,
respectively, 100 pg/mL of ampicillin for E. coli and 200 ug/mL of car-
benicillin for P. aeruginosa, and 50 ug/mL of kanamycin for E. coli. Sub-
cultures were made by diluting an overnight culture 1:25 into fresh
media and incubating at 37 °C while shaking.

Minimum inhibitory concentration assays

Overnight cultures were sub-cultured into 3 mL of LB and grown to ~0.1
0D600. Subcultures were normalized to 0.1 OD600 and diluted 1:500
in fresh media containing sterile L-arabinose where indicated. Two
times serial dilutions of two microliters of antibiotics (Sigma Aldrich)
were added at all indicated concentrations to each well in technical
duplicate or triplicate, except for the vehicle and sterility control wells,
which received only vehicle (DMSO or water). Diluted cultures were
added to the wells of a 96-well plate to a final volume of 150 pL. Sterility
wells were filled to 150 uL with sterile media. Plates were incubated at
37°C for 18 h while shaking at 200 rpm. Growth was measured as
optical density at 600 nm at 18 h using a spectrophotometer (Multis-
kan GO, ThermoFisher).

Reverse genetic selection of ampG suppressor mutants
Overnight cultures of PAO1 ampG + pHERD30T expressing either K66A
or YIS9A AmpG mutants were sub-cultured into 3 mL of LB and grown
to ~0.3 OD600. Subcultures were normalized to 0.3 OD600, then
100 L of the cultures was spread onto LB agar plates containing
256 ug/mL of cefoxitin and 30 pg/mL gentamicin and incubated at
37 °C until colonies appeared (typically 24-48 hours). Colonies were
then patched onto LB agar plates containing 256 ug/mL of cefoxitin
and 30 ug/mL gentamicin, and plates containing 128 ug/mL of piper-
acillin and 30 pg/mL gentamicin. Restored cefoxitin resistance was
validated for colonies that only grew on the cefoxitin plates with a
cefoxitin MIC assay in broth, then the pHERD30T constructs were iso-
lated from these strains and transformed into a clean PAO1 ampG
background for additional cefoxitin MICs in broth. Plasmids that
restored cefoxitin resistance in the clean background were sequenced
(Plasmidsaurus).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data that support this study are available from the corresponding
authors upon request. The cryo-EM map has been deposited in the
Electron Microscopy Data Bank (EMDB) under accession code
EMD-45167 (cryo-EM map of AmpG). The atomic coordinates have
been deposited in the Protein Data Bank (PDB) under accession code
9C3F (PDB model of AmpG). The source data underlying Fig. 6 and
Supplementary Fig. 2-3 is present in the Source Data file. The accession

codes of the additional structures used for analysis are 6GV1 (MdfA);
6T1Z (LmrP); 3WDO (YajR); 7LO8 (NorA); and 307P (FucP). Source data
is provided with this paper.
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