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ABSTRACT A wide variety of clinically observed amino acid alterations in the
Pseudomonas aeruginosa chromosomal B-lactamase AmpC (Pseudomonas-derived
cephalosporinase [PDC]) are associated with increased resistance to cefepime, ceftolo-
zane/tazobactam, or ceftazidime/avibactam, but their impact on cefiderocol resistance
is unclear. We took advantage of a previously engineered collection of wild-type (PAO1)
and iron uptake-deficient (PAO ApiuC) P. aeruginosa isolates producing 19 distinct PDC
variants with substitutions in key catalytic regions. While most variants had moderate
effects on cefiderocol minimum inhibitory concentrations compared to PDC-1, the
E219K (Q-loop) and L293P (helix H10) variants significantly affected cefiderocol activity.
Kinetic studies revealed that both mutations improve cefiderocol hydrolysis through
different enzymatic mechanisms compared to PDC-1 (K, = 85.29 uM, kcat = 0.0036 57/,
and kcat/Ky = 0.00004 uM™' s77), leading to enhanced turnover in PDC E219K (K, =
465.64 UM, kgt = 0.45 s, and kcat/Ky = 0.00096 uM™' s7') and improved affinity in
PDC L293P (K, = 2.69 UM, kcat = 0.0036 s7', and kcat/Km = 0.00135 pM™" s7'). These
mechanisms are also involved in resistance to ceftolozane and cefepime, identified
as the preferred substrates for the E219K and L293P variants, respectively. Molecular
dynamics (MD) simulation studies revealed that (i) rigidification of the Q-loop in PDC
E219K promotes optimal accommodation of the R' group of cefiderocol, enhancing
nucleophilic attack by the catalytic serine; (ii) the less folded conformation of helix H10
in PDC L293P improves cefiderocol accommodation in the active site by establishing
stronger hydrogen-bonding interactions with the R* group. Our findings demonstrate
that the PDC B-lactamase may take advantage of the structural similarities between
cefiderocol and other cephalosporins and accelerate hydrolysis by accommodating the
E219K or L293P amino acid replacements.

KEYWORDS Pseudomonas aeruginosa, AmpC [-lactamase,
cefiderocol

B-lactam resistance,

he clinical development of new B-lactam antibiotics to treat infections caused

by Pseudomonas aeruginosa represents a major challenge regarding Gram-nega-
tive pathogens (1). The ability of P. aeruginosa to import broad-spectrum resistance
mechanisms through horizontal gene transfer (e.g. extended-spectrum (-lactamases
[ESBLs] or metallo-f-lactamases) is of growing concern, as it reduces the efficacy of most
B-lactam antibiotics and B-lactamase inhibitors, particularly against high-risk clones,
which are particularly prone to acquire broad-spectrum p-lactamases. However, the main
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challenge for new antipseudomonal treatments once they become clinically available
is to limit the development of resistance through mutational mechanisms (2). The
stepwise accumulation in the same strain of mutations leading to upregulation of
ampC and efflux operons, in combination with OprD inactivation, commonly results
in difficult-to-treat phenotypes (3). New B-lactam/B-lactamase inhibitor combinations
with increased stability against these classic P. aeruginosa B-lactam resistance mecha-
nisms have recently become available, namely, ceftolozane/tazobactam, ceftazidime/avi-
bactam, and imipenem/relebactam (4). However, since their commercialization, strains
with more complex and refined resistance mechanisms are emerging. The development
of resistance to ceftolozane/tazobactam or ceftazidime/avibactam commonly involves
the rearrangement of key motifs involved in the catalytic cycle of the intrinsic AmpC
B-lactamase (designated Pseudomonas-derived cephalosporinase [PDC]), rendering both
combinations ineffective (5, 6). On the other hand, the selection of mutations leading to
upregulated efflux in isolates carrying baseline inactivating mutations in OprD com-
monly increases the minimum inhibitory concentration (MIC) of imipenem/relebactam
above resistance breakpoints (7). In this context, the arsenal of available antipseudomo-
nal agents must be expanded.

Cefiderocol is the most recently Food and Drug Administration-approved B-lactam
antibiotic with antipseudomonal activity (8). This newly developed agent incorporates
structural motifs from earlier cephalosporins, such as the carboxypropanoxymino group
of ceftazidime or ceftolozane on the R' substituent and the pyrrolidinium group of
cefepime in position C3 (Fig. STA). These structural changes provide increased stability
against intrinsic (PDC) or horizontally acquired B-lactamases (including metallo-B-lacta-
mases, such as VIM and IMP types) and also enhanced PBP binding affinity. However,
the most distinctive attribute of cefiderocol is probably the presence of a chlorocate-
chol moiety in the R? group, which enables cefiderocol to bind free iron (Fe**) and
penetrate the periplasmic space through siderophore-mediated pathways at higher rates
than any other -lactam antibiotic (via the so-called “Trojan horse” mechanism) (9, 10).
These combined features result in a compound with high in vitro activity against most
priority Gram-negative pathogens, including P. aeruginosa, regardless of the underlying
mechanism of resistance (11). However, widespread (-lactamases acquired by horizon-
tal gene transfer and with high activity toward broad-spectrum cephalosporins, such
as NDM-1 or extended-spectrum oxacillinases (e.g., OXA-14 and OXA-15), are increas-
ingly encountered in cefiderocol-resistant P. aeruginosa strains. These B-lactamases are
damaging the potential of cefiderocol as one of the most promising antipseudomonals
in recent years (12, 13). Moreover, analysis of libraries of transposon mutants and large
collections of clinical strains has demonstrated that the functional loss of genes related
to iron uptake, such as pirA, pirR, piuA and piuC, is another major driver of cefiderocol
resistance in P. ageruginosa (14). Beyond carbapenemases, ESBLs, and iron transport
systems, another resistance mechanism that may also affect the activity of cefiderocol
but that has been studied in far less detail is the modification of the intrinsic P. aerugi-
nosa PDC fB-lactamase. Due to the high-sequence polymorphism of this enzyme, more
than 600 amino acid variants have been described to date (15). While most of these
changes have little or no impact on the natural hydrolytic substrate profile of the PDC
enzyme, specific rearrangements in catalytically important regions can have significant
therapeutic implications. This has been exemplified by clinical variants found in strains
with increased resistance to cefepime or the combinations ceftolozane/tazobactam and
ceftazidime/avibactam (16).

However, the mechanisms by which these variant enzymes differentially accelerate
cefiderocol hydrolysis remain unclear. Building on the knowledge gained in our previous
studies on PDC f-lactamase variants and their role in resistance to ceftolozane/tazo-
bactam, ceftazidime/avibactam, and cefiderocol, increasingly reported in the clinical
setting, we sought to understand the impact of specific amino acid substitutions on the
enzymatic mechanism of PDC, particularly focusing on cefiderocol resistance. By taking
advantage of a previously engineered panel of wild-type and iron uptake-deficient P
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aeruginosa recombinant isolates enriched with up to 19 different PDC variants harboring
substitutions in key catalytic regions (17), we were able to demonstrate the differential
effect of the E219K and L293P substitutions on cefiderocol resistance. Moreover, by
using kinetic assays and molecular dynamics simulation studies, we have elucidated how
these substitutions affect cefiderocol hydrolysis through different enzymatic pathways
and lead to increased turnover in the E219K variant and optimized cefiderocol bind-
ing affinity in the L293P variant, mechanisms shared with ceftolozane and cefepime,
respectively. Our findings are of particular importance, as they contribute to predicting
and anticipating potential strategies to overcome cefiderocol resistance in P. aeruginosa,
which poses a current major clinical challenge.

RESULTS
Different effects of PDC amino acid substitutions on cefiderocol resistance

To determine the role of PDC amino acid substitutions in cephalosporin resistance,
we assessed the activity of ceftazidime, ceftazidime/avibactam, ceftolozane/tazobactam,
cefepime, and cefiderocol against 20 PAO1 and 20 PAO ApiuC transformants producing
the parental PDC-1 and 19 different variants. Comparative MIC data for the transformants
are summarized in Table 1. For the PAO ApiuC transformants, only cefiderocol MICs are
shown, as piuC inactivation had a negligible effect on the MICs of the other B-lactam
antibiotics tested. As previously observed, overexpression of PDC-1 increased the MICs
of ceftazidime and cefepime while having minimal impact on the efficacy of ceftazi-
dime/avibactam, ceftolozane/tazobactam, and cefiderocol. Compared to PDC-1, most
of the studied variants displayed similar cephalosporin resistance phenotypes, charac-
terized by a pronounced effect on ceftolozane/tazobactam MICs, without significantly
affecting cefiderocol resistance, as confirmed in both the PAO1 and PAO ApiuC genetic
backgrounds. On the other hand, production in PAO1 of the Q-loop variants AP215-
G222, E219K, and the dual F121L + E219K substitution had a significant impact on
ceftolozane/tazobactam MICs and, particularly, on cefiderocol MICs (2-4 mg/L; four to
five twofold dilution increase). The L293P variant, the unique change falling within
helix H10, revealed a distinct phenotype, with the greatest impact on cefepime and
cefiderocol MICs (4 mg/L, five twofold dilution increase), while having negligible effects
on ceftolozane/tazobactam resistance. In the PAO ApiuC host strain, production of the
AP215-G222, E219K, F121L + E219K, and L293P variants resulted in cefiderocol MICs of
32-64 mg/L, confirming their significant contribution to cefiderocol resistance.

Impact of E219K and L293P amino acid replacements on steady-state kinetics
of the PDC 3-lactamase against cephalosporins

Phenotypic analysis of the recombinant strains enabled us to identify the E219K and
L293P as candidate variants for kinetic characterization, based on their significant impact
on cefiderocol resistance, their different B-lactam substrate profile, and their location
within the PDC amino acid backbone. Thus, to investigate the biochemical mechanisms
underlying resistance to cefiderocol and comparator cephalosporins in the E219K and
L293P variants, these -lactamase proteins were purified in parallel with the parental
PDC-1 enzyme, and their kinetic parameters were determined. Comparative values
for Km, kcat, and kcat/Km, along with their relative changes compared to PDC-1, are
presented in Table 2. The PDC-1 (-lactamase kinetic parameters confirmed its limited
hydrolytic activity against all cephalosporins tested, with particularly low efficiency
against ceftolozane (kcat/Knm = 0.00013 uM ' s7") and cefiderocol (k¢at/Kin = 0.00004 pM™'!
s7"). The E219K variant demonstrated enhanced cephalosporinase activity compared to
PDC-1, leading to a =123-fold, =24-fold, and =16-fold increase in catalytic efficiency for
ceftolozane, cefiderocol, and ceftazidime, respectively. This effect is mainly driven by a
substantial increase in k4t values: approximately =58-fold for ceftolozane (from 0.0715 to
4.18 s7"), =125-fold for cefiderocol (from 0.0036 to 0.45 s7'), and =267-fold for ceftazidime
(from 0.0082 to 2.19 s™'). For ceftolozane, the increased catalytic constant was further
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TABLE 1 Antibiotic susceptibility data of the PAO1-derived recombinant isolates producing different PDC variants previously involved in ceftazidime/avibactam,
ceftolozane/tazobactam, or cefiderocol resistance in P. aeruginosa and antibiotic susceptibility data for the PAO ApiuC-derived recombinant isolates against
cefiderocol (adapted from Gonzélez-Pinto et al. [17])

PDC amino acid variations™® MIC (mg/L)"’
PAO1 wild type PAO A piuC
ETPmn e Precursor , Location CAZ C/A /T FEP FDC FDC
numbering (R>8) (R>8) (R>4) (R>8) (R>2) (R>2)
PAO1 - - - <1 <1 <0.5 2 0.125 2
PAOT + blappc-1 (wT) - - - 32 2 1 16 0.25 4
PAO1 + blappc 1701 T701 T96! Helix H2 64 8 32 16 0.5 8
PAOT + blappc F121L F121L F147L a3-a4 loop 64 4 16 16 0.5 8
PAOT + blappc p153L P153L P180L Helix H5 128 4 16 32 0.5 8
PAO1 + blappc 156D G156D G183D Helix H5 64 16 32 4 0.5 8
PAOT + blappc A200T A200T A227T Q-loop 64 4 32 16 0.5 8
PAOT + blappc 2025 G2025S G2295 Q-loop 64 2 16 16 0.5 8
PAOT + blappc AG202-E219 AG202-E219 AG229-E247 Q-loop 64 16 64 8 0125 8
PAOT + blappc G214R G214R G242R Q-loop 128 4 16 16 1 16
PAOT + blappc pa15L P215L P243L Q-loop 64 4 32 8 0.5 8
PAOT + blappc pa15s P215S P243S Q-loop 64 4 32 8 0.5 8
PAOT + blappc ap215-6222 AP215-G222 AP243-G250  Q-loop 256 64 128 32 2 32
PAOT + blappc p217N D217N D245N Q-loop 64 2 16 16 0.5 8
PAOT + blappc £219k E219K E247K Q-loop 256 16 128 32 4 32
PAOT + blappc E219G E219G E247G Q-loop 16 <1 8 4 0125 8
PAOT + blappc £219D E219D E247D Q-loop 64 16 64 8 0.5 8
PAO1 + blappc s226ins S226ins S254ins Q-loop 128 64 64 8 0.5 8
PAOT + blappc L293p 293P L320P Helix H10 64 2 1 128 4 32
PAOT + blappc F1211 + E219K F121L +E219K F147L+E247K  a3-a4loopand >256 128 256 32 4 64
Q-loop
PAOT + blappc F121L + G220S F121L + G2205S F147L + G248S a3-a4loopand 64 2 8 32 0.25 8
Q-loop

“Previously described polymorphisms with limited impact on the enzyme substrate profile (e.g., G1D, R53Q, A71V, T79A, L173I, V178L, P247Q, S279A, 1298V, V329I, and
G364A) are not indicated (16, 18, 19).

°~, No data.

“Structural alignment-based numbering of class C -lactamases (SANC) according to reference 20.

“Precursor numbering considers the signal peptide of the PDC.

¢C/A, ceftazidime/avibactam; C/T, ceftolozane/tazobactam; FEP, cefepime; FDC: cefiderocol.

fEUCAST v.15.0 breakpoints indicated.

supported by an improved Ky, resulting in a net kc;¢/Kny, of 0.016 uM™' s™'. By contrast,
for cefiderocol, the increase in kcat was partly offset by a marked reduction in substrate
binding affinity (Ky,), from 85.29 uM to 465.64 uM.

The L293P variant exhibited significant differences in the kinetic mechanism relative
to the E219K variant. The best substrates for this variant were cefepime (kcat/Km =
0.04125 pM™' s7', 39.29-fold increase relative to PDC-1), ceftazidime (kcat/Ky = 0.0039
uM™" s, 8.67-fold increase), and cefiderocol (kcat/Km = 0.00135 pM™ s7', 33.75-fold
increase). Unlike the E219K variant, the enhanced catalytic efficiency observed in L293P
toward these substrates was primarily driven by a drastic reduction in the K, param-
eter. The improvement in substrate binding affinity was particularly pronounced for
cefiderocol and cefepime, with K, values decreasing from 85.29 uM and 132.06 uM to
2.69 uM and 4.58 pM, representing =32-fold and =29-fold improvements, respectively.
Consistent with MIC values, the substrate least affected by this variant was ceftolozane.

Effects of E219K and L293P amino acid replacements on the Q-loop plasticity
and the helix H10 folding of the PDC B-lactamase

The E219K and L293P enzyme models obtained by manually replacing residues E219 and
L293 by lysine and proline, respectively, in the wild-type PDC-1 crystal structure (PDB
ID 4GZB [21], 1.79 A) were subjected to 100-200 ns of dynamic simulation using our
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TABLE 2 Kinetic parameters (mean value + standard deviation, when applied) of the wild-type PDC-1 and the PDC E219K and PDC L293P variants for nitrocefin,
ceftazidime, ceftolozane, cefepime, and cefiderocol

PDC-1 (WT) PDC E219K PDC L293P
Km Keat kecat/Km Ratio Kp, keat kecat/Km Ratio for PDC K, Keat kecat/Km Ratio for PDC
(kM) (s™) (uM™"'s™) (M) (s (MM7's)  E219K/PDC-1  (uM) (s (uM™'s™")  L293P/PDC-1
Nitrocefin ~ 1398+ 21.89+ 155+0.38 1 2412+ 4414018 0.19+004 0.12 6.71+1.28 1877+ 279+0.12 1.80
0.80 6.50 401 437
Ceftazidime 1808+ 00082+ 0.00045 1 29163+ 219+0.17 0.007 15.56 2.84+0.31 0.0110+ 0.0039 8.67
0.88 0.0007 27.47 0.0003
Ceftolozane 554.08+ 00715+ 0.00013 1 26644+ 418+0.19 0016 123.08 107.97 £28.81 0.051+  0.00048 3.69
3.00 0.0006 43.54 0.007
Cefepime 13206+ 0.138+  0.00105 1 9254+  025+0.06 0.0027 2,57 458 +0.42 0.189+  0.04125 39.29
23.69 0.009 26.29 0.007
Cefiderocol 8529+ 0.0036+ 0.00004 1 46564+ 0.45+0.03 0.00096 24.00 2,69 +0.10 0.0036+ 0.00135 33.75
9.48 0.0007 120.34 0.0001

previously reported protocol (22). The parent enzyme PDC-1 was also used as control
(Fig. 1A through C). This approach yielded stable, reliable models, as indicated by the
low root mean square deviation (rmsd) values obtained (Fig. S2). For the PDC-1 enzyme,
the in silico studies revealed that the carboxylate group of residue E219 would estab-
lish an intramolecular hydrogen bond with its main NH group (Fig. 1A). In the E219K
variant, this residue substitution promoted a strong electrostatic interaction between the
carboxylate group of residue E171, located on helix H5, and the e-amino group of residue
K219 (Fig. 1B). This interaction markedly reduced the intrinsic plasticity of the Q-loop,
a key structural element involved in recognizing the R' group of cephalosporins, also
promoting a great deal of conformational freedom in the catalytic tyrosine side chain
(Y150) (Fig. 1D). Interactions in PDC-1 and in the E219K variant proved very stable as
no significant changes were observed throughout the simulations (Fig. S3). By contrast,
the L293P substitution would increase the flexibility of both helix H10 and the small
loop connecting helices H9 and H10 (Fig. 1C). As a result, helix H10 would be less folded
over the enzyme, enlarging the pocket surrounded by the inner part of this helix, which
is adjacent to the binding pocket of the R* group of cephalosporins (Fig. 1E). Both of
these effects on the Q-loop and helix H10 were also clearly visualized by examining
the vibrational modes for the E219K and L293P variants and the parent enzyme in the
unbound form, calculated by principal component analysis, as implemented in AMBER
(Fig. 1F; Fig. S4).

Comparative molecular dynamics simulation studies of the PDC enzymes in
complex with cefiderocol, ceftolozane, and cefepime

The Michaelis complexes of ceftolozane and cefiderocol with the E219K variant and
those of cefepime and cefiderocol with the L293P variant, along with their correspond-
ing complexes with PDC-1, were initially generated by docking using the program
GOLD (23) and further analyzed in simulation studies (Fig. 2). The outcomes revealed
that rigidification of the Q-loop, induced by the E219K substitution, promotes optimal
accommodation of the R' group in ceftolozane. This structural adaptation embeds the
aromatic and carbonyl amide groups of ceftolozane toward the enzyme groove (Fig.
2A and B), enhancing the arrangement of ceftolozane for nucleophilic attack by the
catalytic serine residue, S64 (Michaelis complex). Additionally, the carbonyl group in the
R? moiety of ceftolozane forms a strong hydrogen bond with the amide side chain of
residue Q120. This interaction, along with a set of favorable apolar contacts involving
the aromatic moiety of ceftolozane, probably explains the improvement in K, relative to
PDC-1. The reduced plasticity of the Q-loop would also improve the acylation process,
which may explain the experimentally observed increase in kcat, since the f-lactam
group would be located closer to the catalytic serine. The precise control of the R
substituent conformation in the hydrolyzed cephalosporin (acyl-enzyme adduct) would
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Q-loop
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Q-loop
Q-loop

6A

PDC E219K PDC L293P

FIG 1 Impact of the amino acid alterations E219K and L293P on the wild-type conformation of the PDC enzymes. (A-C) Three-dimensional structure of the
wild-type PDC-1 (A) and the E219K (B) and L293P (C) variants obtained by molecular dynamics simulation studies. Snapshots taken after 120, 100, and 200
ns of simulation, respectively. The positions of key residues involving the SVSK and KTG motifs (yellow), Q-loop (blue), and helices H9 and H10 (magenta) are
also shown. Note how the E219K alteration would promote an electrostatic interaction (yellow shadow) between residues K219 and E171 (helix H5, green). By
contrast, L293P replacement would induce changes in the folding of the helix H10 (yellow shadow). (D and E) Superimposition of E219K and the L293P variants
with PDC-1 highlighting the differences identified. (F) Overall view of the intrinsic shape-changing motions of the Q-loop and helix H10 of the PDC E219K and
PDC L293P enzymes obtained by examination of the vibrational modes. The main vibrational modes are shown. Note how the E219K change would cause a
dramatic reduction in the plasticity of the Q-loop adopting a well-defined conformation. By contrast, the L293P change would enhance the ability of helix H10
(and the loop connecting helices H9 and H10) to adopt a more open conformation, thus increasing the pocket surrounded by the inner part of helix H10.

also facilitate the efficient positioning of the deacylating water molecule, which would
approach the carbonyl group from the side opposite the R' group, thus enabling the
release of the inactivated cephalosporin, as observed in the structural analysis of PDB
ID 1IEL (2.0 A) (24). For the cefiderocol/PDC E219K complex, while the R' group of
cefiderocol would adopt a similar arrangement to that observed in PDC-1, the same is
not true for the R? group, particularly its pyrrolidinium moiety (Fig. 2C). This group would
be less deeply buried in the pocket formed by the inner part of helix H10, therefore

July 2025 Volume 69 Issue 7 10.1128/aac.00292-25 6

Downloaded from https://journals.asm.org/journal/aac on 02 September 2025 by 193.144.61.254.


https://doi.org/10.1128/aac.00292-25

Full-Length Text Antimicrobial Agents and Chemotherapy
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© FEP/PDC L293P vs « FEP/PDC-1 FDC/PDC L293P

FIG 2 (A and D) Detailed views of the binding modes of ceftolozane (COZ) and cefepime (FEP) in the active site of the PDC E219K and PDC L293P variants,
respectively, obtained by molecular dynamics simulation studies. Snapshots taken after 100 and 70 ns of simulation, respectively. Relevant hydrogen-bonding
interactions (blue dashed lines) and key residues are shown and labeled. The amino acid alterations, K219 and P293 (orange), along with the enzyme sites
undergoing relevant conformational changes, Q-loop (blue) and helix H10 (pink), are highlighted. (B and E) Comparison of the binding modes of COZ and FEP
(Continued on next page)
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Fig 2 (Continued)

in the active site of PDC E219K and PDC L293P enzymes, respectively, and the parent PDC-1 enzyme. Note how the R' group in COZ would undergo a 180°
turn when binding to the E219K variant, and FEP would also modify its overall binding mode against the L293P variant. (C) Comparison of the binding mode of

Antimicrobial Agents and Chemotherapy

cefiderocol (FDC) in the active site of PDC E219K and PDC-1 enzymes. Snapshots taken after 100 ns of simulation. (F) Detailed view of the binding mode of FDC in

the active site of PDC L293P. Snapshot taken after 100 ns of simulation.

resulting in weaker overall binding interactions with the active site of the E219K variant.
This observation suggests that the rigidity of the Q-loop, to some extent, penalizes the
affinity of cefiderocol for the E219K enzyme, which is consistent with the experimentally
observed increase in K. Notably, among the cephalosporins studied, cefiderocol and
ceftolozane possess the largest R? substituents, although with distinct architectures (Fig.
S1A). Nonetheless, as both cephalosporins form structurally similar acyl-enzyme adducts
(Fig. S1B), the rigidity of the Q-loop similarly facilitates more efficient hydrolysis of the
adduct compared to PDC-1, contributing to the observed increase in kcat/Km.

On the other hand, our simulation studies revealed that the increased flexibility of the
helix H10, together with the small loop connecting it to the helix H9 observed in the
L293P variant, would significantly impact the binding mode of cefepime, the cephalo-
sporin with the smallest R? chain (Fig. 2D and E; Fig. S1A). Consequently, both the R' and
R? groups in cefepime would be in closer contact and more deeply buried within the cleft
of the active site and adjacent grooves, potentially explaining the =29-fold increase in Ky,
(Fig. S5). Furthermore, while the overall binding conformation of cefiderocol against the
L293P and the wild-type variant would be quite similar, hydrogen-bonding interactions
involving the R? group within the pocket surrounded by the inner part of the helix H10
would be stronger in L293P, mainly due to the proximity and optimal arrangement of
key residues (Fig. 2F; Fig. S6). Specifically, in the cefiderocol/PDC L293P complex, the R?
group in cefiderocol is stabilized by three strong hydrogen-bonding interactions with
residues N314, E272, and R148, which proved to be very stable during the simulation
(Fig. S6). Among these, the double hydrogen-bonding interaction involving the side
chain carbonyl group of cefiderocol and the guanidium group of R148 is of particular
importance for the cefiderocol/PDC L293P complex. The cephalosporin/PDC complexes
analyzed here proved highly stable, as revealed by rmsd analysis of the enzymes and
ligands throughout the simulations (Fig. S7 and S8).

DISCUSSION

This study aimed to analyze the relative stability of cefiderocol and other cephalosporins
against different, clinically encountered PDC variant enzymes, with particular focus on
the biochemical and structural effects conferred by the E219K and L293P amino acid
substitutions. As previously observed, the results with isogenic strains confirmed that
many PDC amino acid substitutions which confer resistance to ceftolozane/tazobactam
and/or ceftazidime/avibactam had a limited impact on cefiderocol resistance (17). These
findings highlight the stability of cefiderocol against both wild-type PDC in P. aerugi-
nosa and most derivatives that have become recalcitrant to these combinations. These
observations reinforce previous findings with clinical strains showing that cefiderocol
MIC values generally remain below 2 mg/L, even in P. aeruginosa isolates overproducing
these variants (25).

Conversely, analysis of the Q-loop alterations AP215-G222, E219K, and the dual F121L
+ E219K substitution in the PDC revealed that these variants confer resistance to both
ceftolozane/tazobactam and ceftazidime/avibactam, but also significant cross-effects in
cefiderocol resistance. This is concerning, given that the E219K variant is one of the
most frequent substitutions observed in P. aeruginosa strains recovered from patients
who have received therapy with ceftolozane/tazobactam or ceftazidime/avibactam (26).
Although P. aeruginosa mutants harboring E219K often remain susceptible to cefiderocol,
they usually exhibit a notable MIC increase relative to the baseline isolate (27). On the
other hand, analysis of the phenotypic effect of the L293P substitution, which is located
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within helix H10, demonstrated that this variant confers increased resistance to cefepime
and cefiderocol while maintaining susceptibility to cephalosporin/B-lactamase inhibitor
combinations. This mutation has been obtained following in vitro cefiderocol exposure
in genetically unrelated P. aeruginosa strains, highlighting that this amino acid replace-
ment is under strong positive selection (28). Furthermore, L293P has also been identi-
fied in AmpC-producing Enterobacterales species previously exposed to cefepime (29),
alarmingly suggesting that the use of cefepime could select for cefiderocol resistance
and vice versa. Furthermore, our experimental model adds further evidence about
how cefiderocol resistance may increase to higher levels (MIC =32 mg/L) if E219K or
L293P substitutions are combined with inactivating mutations affecting iron uptake (e.g.,
ApiuC).

Kinetic and structural analyses of PDC-1 and its E219K and L293P variants provi-
ded additional insights into the evolution of PDC-mediated resistance from classical
(ceftazidime and cefepime) to newer cephalosporins (ceftolozane and cefiderocol)
in P. aeruginosa. As previously noted, PDC-1 B-lactamase displays limited efficiency
in hydrolyzing most cephalosporins, but particularly ceftolozane and cefiderocol,
highlighting their increased stability (30, 31). Our findings also reinforce previous
observations about how the E219K substitution significantly accelerates cephalosporin
hydrolysis by increasing turnover rates (kcat), which ultimately increase the kcat/Km values
toward ceftazidime and particularly for ceftolozane, confirmed as the preferred substrate
for this variant. Similar effects have been reported for other Q-loop variants (30, 32,
33). On the other hand, to our knowledge, this is the first detailed investigation of
the impact of the E219K variant on cefiderocol hydrolysis. Our data show that E219K
accelerates cefiderocol hydrolysis through a very large increase in kc,¢ values, although
this is partly mitigated by a collateral loss of binding affinity (increase in K,). In this
regard, other previous structural observations with this variant led to the conclusion
that E219K induces a significant expansion of the active site, particularly at the R’ site,
enabling the accommodation of bulkier substrates. These structural changes have also
been associated with significant effects on protein flexibility and stability (30, 33, 34).
Conversely, our detailed examination of the underlying structural mechanisms revealed
that this catalytic behavior is induced by the more constrained conformation of the
Q-loop, which ultimately facilitates the correct arrangement of ceftolozane and, to a
lesser extent, cefiderocol, for nucleophilic attack by the catalytic serine residue. These
findings are consistent with the recent observations of Chen et al., who reported reduced
root mean square fluctuations in the Q-loop region of the E219K variant relative to the
wild-type variant PDC-3, suggesting that this region is more conformationally restricted
in the E219K variant (35).

This work also confirms and expands current knowledge regarding the impact of
the L293P change on cefiderocol resistance. Notably, this role in cefepime resistance
was characterized more than two decades ago through site-directed mutagenesis and
kinetic analysis using the chromosomal AmpC of Enterobacter cloacae as a model (36).
In line with our observations, previous findings suggest that the underlying kinetic
mechanism of this phenotype can be attributed to a significant reduction in Ky,
values, which ultimately resulted in a =28-fold increase in catalytic efficiency toward
cefepime. Although cefiderocol was not clinically available at that time, the major role
and cross-resistance effects of mutations in the R* region of AmpC in resistance to
cefepime and cefiderocol have recently been confirmed by Shields et al., who identified
a 2-amino acid deletion (AA292-L293) affecting the L293 residue of the Enterobacter
hormaechei AmpC [-lactamase, isolated from a patient treated with cefepime (37). Later,
Kawai et al. characterized another E. cloacae AmpC variant with a AA294-P295 deletion,
whose biochemical analysis revealed a =19-fold increase in catalytic efficiency toward
cefiderocol relative to the parent enzyme (38), as we observed for the PDC L293P
variant. Thus, we add further evidence of the effect of local arrangement in the R? loop
on the improved substrate binding of cephalosporins, including cefiderocol, in class C
B-lactamases.
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Altogether, our findings conclusively demonstrate that the PDC B-lactamase may
accelerate cefiderocol hydrolysis by accommodating E219K and L293P amino acid
substitutions, which respectively affect the plasticity of the Q-loop and folding of the
helix H10, thus exploiting the structural similarities with other cephalosporins. This study
also brings attention to the interplay and cross-effects between the use of classical
(ceftazidime and cefepime) and newer (ceftolozane and cefiderocol) antipseudomonal
cephalosporins and the evolution of AmpC-mediated resistance. Our research therefore
raises important questions that should be considered when combating P. aeruginosa
infections, in order to expand the lifespan of cefiderocol. These observations highlight
the complexity of AmpC-mediated resistance in P. aeruginosa and emphasize the need
for ongoing active surveillance during treatment of these infections.

MATERIALS AND METHODS
Recombinant isolates

We took advantage of a previously constructed and characterized laboratory collection
of recombinant P. aeruginosa PAO1 isolates expressing different blappc variants, but
specifically enriched for this work with additional variants, following the previously
described methodology (17). The PAO ApiuC strain, a PAO1 transposon mutant for the
piuC gene (39), which exhibits impaired iron uptake and yields a baseline cefiderocol MIC
of 2 mg/L, was also used as host to obtain a more detailed perspective of the different
variants on cefiderocol resistance. The final collection comprised 40 recombinant isolates
(20 in PAOT and 20 in PAO ApiuC) producing the wild-type PDC-1 variant from PAO1
and 19 derivatives carrying specific amino acid substitutions previously associated with
the development of resistance to ceftazidime/avibactam, ceftolozane/tazobactam, or
cefiderocol: T701, F121L, P153L, G156D, A200T, G202S, AG202-E219, G214R, P215L, P215S,
AP215-G222, D217N, E219K, E219G, E219D, S226ins, L293P, F121L + E219K, and F121L +
G222S.

Antimicrobial susceptibility testing

The MICs of ceftazidime, ceftazidime/avibactam, ceftolozane/tazobactam, cefepime, and
cefiderocol were determined in triplicate, for all isolates, by reference broth microdi-
lution assays. Avibactam and tazobactam were fixed at 4 mg/L. All assays were per-
formed using cation-adjusted Mueller-Hinton broth (CAMHB), except for cefiderocol,
which was determined in all cases using iron-depleted CAMHB, prepared according
to CLSI M100 guidelines (40). EUCAST v.15.0 clinical breakpoints and guidelines (http://
www.eucast.org/clinical_breakpoints/) were used for reference purposes. Reference
strains Escherichia coli ATCC 25922, Klebsiella pneumoniae ATCC 700603, and P. aeruginosa
ATCC 27853 were used as controls.

Protein purification

For purification of the enzymes PDC-1, PDC E219K, and PDC L293P, the blappc genes
were cloned into the pGEX-6P-1 plasmid (Cytiva, Massachusetts, USA) and electropora-
ted to the protease-deficient E. coli BL21 following previously described protocols (5).
Protein production was induced using isopropyl B-D-1-thiogalactopyranoside (IPTG),
which resulted in a fusion protein between a glutathione S-transferase (GST) and the
PDC enzyme. The obtained GST-PDC fusion proteins were purified with the GST Gene
Fusion System (Cytiva), following the manufacturer’s instructions. The GST moiety was
thus cleaved off, and protein purity (99%) was ascertained using SDS-PAGE.

Steady-state kinetics

The kinetic parameters of PDC-1, PDC E219K, and PDC L293P variants for ceftazidime,
ceftolozane, cefepime, and cefiderocol were determined using an EPOCH 2 microplate
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spectrophotometer (Biotek, Vermont, USA) and a Specord 200 Plus spectrophotometer
(Analytik Jena, Thuringia, Germany). The Ky, (affinity, concentration of antibiotic at which
the reaction rate is half of Vi) values of each antibiotic were determined as K; gpp
(affinity of the enzyme for the inhibitor/antibiotic), measuring the residual B-lactamase
activity using nitrocefin as the reporter substrate. The kc;¢ (catalytic rate constant)
values were determined by monitoring direct hydrolysis of the antibiotic at a substrate
concentration much greater than K, (at least three times the K,,), to ensure the reaction
was at Vinax (5). The following wavelengths (A) and extinction coefficients () were used
for each antibiotic: A = 482 nm and € = 15,900 M~ cm™ for nitrocefin; A = 260 nm and &
=-8860 M cm™' for ceftazidime; A = 254 nm and € = -6810 M™' cm™ for ceftolozane;
A =267 nm and € = -9120 M™" cm™ for cefepime; and A = 259 nm and £ = —9430 M™'
cm™ for cefiderocol (5, 41, 42). Each parameter was determined in triplicate with 10 mM
phosphate-buffered saline, pH 7.4, at room temperature.

Building of the PDC E219K and L293P variant models

The three-dimensional structures of PDC E219K and PDC L293P were created by manual
replacement of residues E219 by K219 and L293 by P293, respectively, in the available
crystal structure of AmpC from P. aeruginosa PAO1 (PDC-1) in the wild-type form (PDB ID
4GZB[21],1.79 A).

Molecular dynamics simulation studies on the PDC enzymes in the unbound
form

Following our previously developed protocol (22), the PDC E219K and PDC L293P
variant enzymes were immersed in a truncated octahedron of TIP3P water molecules
and neutralized using the molecular mechanics force field ff14SB and GAFF of AMBER
before being subjected to 100-200 ns of dynamic simulation (43). The Amber20 and
AmberTools21 suite of programs were used (44). The cpptraj module in Amber20 was
used to analyze the trajectories and to calculate the rmsd of the PDC enzymes during the
simulation. The molecular graphics programs PyMOL (45) and UCSF ChimeraX (46) were
used for visualization and depiction of enzyme figures.

Building of the Michaelis complexes by molecular docking

We used the GOLD program v.2021.3.0 (23) and the enzyme coordinates found in
PDC-1, PDC E219K, and PDC L293P after 80, 85, and 190 ns of simulation, respectively.
The geometry of cefiderocol, ceftolozane, and cefepime was minimized using the AM1
Hamiltonian as implemented in the program Gaussian 09 (47) and used as MOL2 files.
The ligands were docked in 25 independent genetic algorithm (GA) runs, and for each
of these, a maximum number of 100,000 GA operations were performed on a single
population of 50 individuals. Operator weights for crossover, mutation, and migration
in the entry box were used as default parameters (95, 95, and 10, respectively), as well
as the hydrogen bonding (4.0 A) and van der Waals (2.5 A) parameters. The position of
the catalytic serine residue was used to define the docking region, and the radius of the
selected spherical region was set at 6 A. All water molecules and ions were removed
for docking. The “flip ring corner” flag was switched on, while all the other flags were
switched off. The GOLD scoring function was used.

Molecular dynamics simulation studies on the ligand/enzyme binary
complexes

The highest score solutions of cefiderocol, ceftolozane, and cefepime, obtained by
docking with the PDC-1 and variant enzymes, were used as a starting point for MD
simulations of the corresponding ligand/enzyme complexes. Docking was performed as
indicated for the unbound enzyme forms.
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Vibrational mode analysis

The vibrational modes for PDC enzymes were calculated by principal component analysis
with the cpptraj module from the corresponding MD trajectories (48).
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