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ABSTRACT: The clinical threat of aminoglycoside phospho-
transferases (APHs) stems from their efficient inactivation of
aminoglycosides, driving multidrug resistance through broad-
spectrum antibiotic modification. While peptide-based inhibitors
represent a promising therapeutic modality, current candidates lack
sufficient potency against APHs. To address this limitation, we
employed phage display technology to screen large cyclic peptide
libraries (structural diversity >1011) against APH(3′)-Ia, a clinically
relevant enzyme derived from Escherichia coli. Our selection
identified cyclic peptide families exhibiting nanomolar binding
affinities characterized by two conserved motifs: CXW(P/L)LC
and CP(W/F)YC. Intriguingly, divalent cations (Mg2+ and Ca2+)
enhanced peptide−APH interactions, suggesting a metal-depend-
ent binding mechanism. Competitive fluorescence polarization assays revealed that these cyclic peptides primarily occupy the ATP-
binding pocket of APH(3′)-Ia, with representative candidate A-L3 demonstrating significant enzymatic inhibition. This study
establishes a foundation for developing APH-targeted antibiotic adjuvants through (1) identification of novel cyclic peptide scaffolds
with inhibitory potential, (2) elucidation of divalent metal ion effects on inhibitor binding, and (3) mechanistic insights into ATP-
binding site competition. These findings provide critical structural and functional information to guide the rational design of next-
generation antibiotic resistance breakers.

■ INTRODUCTION
Antibiotic resistance has emerged as one of the most pressing
public health challenges worldwide.1 The increasing prevalence
of resistant bacterial strains not only threatens the effectiveness
of current treatments but also imposes a significant burden on
healthcare systems. At the molecular level, antibiotic resistance
often arises from bacterial mechanisms that inactivate or evade
the effects of drugs.2 One promising strategy to overcome this
problem is the use of enzyme inhibitors as adjuvants, which
can restore the antibacterial activity of existing antibiotics.3,4

This approach has already found success in the β-lactam field,
where inhibitors are coadministered with antibiotics to
neutralize β-lactamases.5
Among the various classes of antibiotics, aminoglycoside

antibiotics (AGAs) play a vital role in treating infections,
particularly those caused by Gram-negative pathogens.6 AGAs
exert their effect by binding directly to rRNA and inducing
mistranslation during protein synthesis.6−8 However, bacteria
have evolved resistance mechanisms to counter these effects. A
key resistance mechanism is the enzymatic modification of
AGAs by aminoglycoside modifying enzymes (AMEs), which
inactivate the antibiotic through specific chemical modifica-
tions.2 AMEs are generally classified into three families:
aminoglycoside phosphotransferases (APHs), aminoglycoside
acetyltransferases (AACs), and aminoglycoside nucleotidyl-

transferases (ANTs). For example, APH(3′)-Ia, which
phosphorylates the 3′-hydroxyl group of many AGAs, is highly
efficient and contributes significantly to resistance in clinical
isolates.9,10 The coding gene of APH(3′)-Ia was originally
found on the transposon Tn903 from E. coli,11 which have
been identified among clinical isolates.12,13 APH(3′)-Ia has
high catalytic activity against a broad spectrum of AGAs,
including lividomycin, neomycin, paromomycin, ribostamycin,
and kanamycin.6,14

Over recent decades, cyclic peptides have gained prom-
inence in drug development due to their excellent affinity,
stability, and specificity.15,16 Phage display, a high-throughput
in vitro screening technique, has been instrumental in selecting
both linear and cyclic peptides as specific ligands for target
proteins.17−20 This technology has enabled the discovery of
numerous drug candidates, including clinically approved
molecules such as adalimumab and ecallantide,19,21 as well as
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promising candidates like BT-1718�a bicyclic peptide
currently undergoing phase I/IIa clinical trials.22 Despite
these advances, there is a notable scarcity of effective cyclic
peptides that target antibiotic resistance proteins.4

In light of this, recent innovations in peptide cyclization
strategies and peptide scaffold design have dramatically
increased the structural diversity of phage-displayed cyclic
peptide libraries. Cyclization reagents containing three thiol-
reactive groups, such as 1,3,5-tris(bromomethyl)benzene
(TBMB),20 1,3,5-triacryloyl-1,3,5-triazinane (TATA), and
N ,N′ ,N″-(benzene-1,3,5-triyl)tris(2-bromoacetamide)
(TBAB)23 have been effectively used to generate bicyclic
peptides by cyclizing linear phage-encoded peptides containing
three cysteine residues (i.e., CX6CX6C, XCX3CX3CX, and
XCX4CX4CX).

20,24 More recently, metal ions such as bismuth-
(III) and arsenic(III) have also been employed to produce
bicyclic peptides from three cysteine peptides.25,26 For the
construction of diverse monocyclic or double-bridged peptides,
bis-electrophilic reagents have also been successfully applied to
modify the peptides that displayed three or four cysteines with
varied scaffolds and lengths (i.e., XCX3CX3CX and
XCX4CX4CX, or XCXmCXnCXoCX, m + n + o = 3−8).27,28
Furthermore, the genetically encoded cysteine-reactive non-
canonical amino acid O-(2-bromoethyl)-tyrosine (O2beY) has
been incorporated into displayed peptides as an internal

cyclization handle to generate macrocyclic peptides.29

Continued progress in linker chemistry and scaffold design
has significantly expanded both the diversity and sequence
space of phage-displayed peptide libraries.16,30,31 These
advancements suggest that cyclic peptides could serve as
potent inhibitors of AMEs, such as APH(3′)-Ia, thereby
offering a new approach to overcoming AGA resistance.
Previous studies have demonstrated that small-molecule
inhibitors�including pyrazolopyrimidine derivatives and
bisubstrate analogues�can attenuate APH(3′)-Ia activity and
restore AGA efficacy.32,33 However, peptide-based inhibitors,
despite their potential, remain largely unexplored in this
context.
In the present study, we address this gap by focusing on the

discovery of high-affinity cyclic peptides that specifically target
APH(3′)-Ia (hereafter referred to as APH). Utilizing an
ultrahigh-diversity phage display library (with a diversity of
1011), we conducted three rounds of in vitro selection and
successfully identified several candidate cyclic peptides. These
peptides exhibit low micromolar to nanomolar binding
affinities and demonstrable inhibitory effects on APH activity.
Our findings not only provide novel candidates for the
development of adjuvant therapies to restore AGA activity but
also establish a new chemical scaffold for further optimization
in combating antibiotic resistance.

Figure 1. Design and quality characterization of phage-displayed cyclic peptide libraries. (A) Library design. The letter “L” represents chemical
linkers that cross-link pairs of cysteines in the phage-displayed peptides. Peptides with two or four cysteines undergo cyclization via these linkers to
form monocyclic or double-bridged cyclic peptides. (B) Cysteine distribution across the 11 sublibraries. The sublibrary names are formatted as
“XD[number]C[number]”, where the first number represents the number of cysteines in the peptide, and the second number indicates the peptide
length. (C) Peptide formats in sublibraries XD2C7 and XD4C10. The letter “X” represents random amino acid, while “C” designates the cysteine.
(D) Proportions of peptide formats in XD2C7 and XD4C10 libraries. The distribution is based on the next-generation sequencing results.
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■ RESULTS AND DISCUSSION
Construction and Diversity Analysis of Phage-

Displayed Cyclic Peptide Libraries. The structural diversity
of a peptide library is a critical factor in the success of phage
selection. To achieve high diversity, we designed phage display
peptide libraries containing zero-, two-, or four-cysteine
residues. These libraries were further modified using seven
chemical linkers, enabling the generation of peptides in three
distinct configurations: linear peptides, monocyclic peptides,
and double-bridged peptides (Figure 1A).
For library construction, plasmids containing peptide-

encoding DNA fragments were generated through the self-
ligation of whole-plasmid PCR products, followed by electro-
poration into E. coli TG1 cells. A total of 11 sublibraries were
constructed, each categorized by cysteine composition:
XD0C5−14 featuring linear peptides without fixed cysteine
residues; XD2C5−7, XD2C8, XD2C9, and XD2C10 contain-
ing peptides with two fixed cysteines; and XD4C9, XD4C10,
XD4C11, XD4C12, XD4C13, and XD4C14 incorporating
peptides with four fixed cysteines.
To evaluate the library quality, we analyzed the diversity of

phage-displayed peptides using next-generation sequencing
(NGS). The results showed that ∼70% of sequences in library
XD0C5−14 encoded peptides without cysteine residues.
Likewise, over 75% of sequences in libraries XD2C5−
XD2C10 contained peptides with two cysteines, while
approximately 90% of sequences in libraries XD4C9−
XD4C14 encoded peptides with at least four cysteines (Figure
1B). These findings aligned with the expected amino acid
distributions, confirming the successful construction and high
quality of the phage-displayed peptide libraries.
Peptides in library XD0C5−14 were designed in the form of

X5−14, consisting of 5−14 random amino acids without fixed
cysteines (Figure S1). In sublibraries XD2C5−XD2C10,
peptides followed the format XoCXpCXq (where o + p + q =
3, 4, 5, 6, 7, or 8, p > 0), featuring two cysteines flanked and
spaced by variable numbers of random amino acids. This
design created diverse backbone scaffolds, as exemplified by
library XD2C7 (Figure 1C). In total, the XoCXpCXq format
generated 116 unique cysteine-spacing patterns (Figure 1C
and Figure S1) and the sublibraries of XD2C5−XD2C10 were
constructed with approximately 2 × 109 distinct peptide
sequences (Table S1). Further cyclization with seven chemical
linkers expanded the diversity to nearly 1.4 × 1010 single-
bridged peptides.
In sublibraries XD4C9−XD4C14, peptides were designed in

the form XCXlCXmCXnCX (where l + m + n = 3, 4, 5, 6, 7, or
8), featuring four cysteines spaced by varying numbers of
random amino acids and flanked by one additional random
residue at both ends. This design produced diverse backbone
scaffolds, exemplified by library XD4C10 (Figure 1C). In total,
the XCXlCXmCXnCX format generated 155 unique cysteine-
spacing patterns (Figure 1C and Figure S1) and the
sublibraries of XD4C9−XD4C14 were constructed with
approximately 5.4 × 109 distinct peptide sequences. Further
modification with chemical linkers enabled three possible
cysteine-pairing modes per peptide, expanding the diversity to
as many as 1.1 × 1011 double-bridged peptides using seven
cyclization linkers (Figure 1A). NGS analysis of libraries
XD2C7 and XD4C10 showed that the proportions of each
peptide format ranged from 2.4 to 12.6% and from 1.4 to 18%,
respectively (Figure 1D and Figure S2). Taken together, these

data indicate that large phage display libraries with a high
diversity (1011) were successfully generated.
Enrichment of Cyclic Peptides Binding to APH. To

select cyclic peptides that inhibit APH activity, we immobilized
biotinylated APH (Figure S3) on magnetic beads and used
them to pull out cyclic peptide binders displayed on the phage.
Specifically, the 11 sublibraries were cultured overnight to
amplify phage displaying cysteine-rich peptides. The cysteines
in the peptides were cyclized with chemical linkers 1−7
(Figure 1A) following reduction with tris(2-carboxyethyl)-
phosphine (TCEP). These chemical linkers that containing
two thiol-reactive groups have been reported to efficiently
cyclize the peptides containing four cysteine moieties under
phage-selection conditions.27 As a control, an aliquot of the
phage library was treated with TCEP but without cyclization.
The eight samples were panned separately against biotinylated
APH immobilized on magnetic streptavidin beads (round 1
and round 3) or neutravidin beads (round 2) to avoid
enriching streptavidin binders. To select for cyclic peptides
with higher affinities, the stringency of selection was increased
by reducing the target protein dose, using 0.5, 0.25, and 0.05
μg for each linker in rounds 1, 2, and 3, respectively.
The titer of the phage captured by the target on beads was

monitored throughout the three rounds of selection. For the
first round, 1.3 × 1014 of phages were purified from 11 cultures
of 250 mL each, and 1.2 × 1012 to 4.4 × 1012 infective phages,
after being modified with different linkers, were used for
panning. From this, 7.0 × 105 to 2.8 × 106 of them were
captured and used to infect E. coli TG1 cells for the
amplification of phage (Figure 2A). The preparation of
phage for the second and third round of selection was

Figure 2. Phage titer and sequence enrichment across the selection.
Three rounds of phage selection were performed against APH,
followed by measurement of the selected phage titer and next-
generation sequencing of the enriched peptide library. Seven chemical
linkers along with a control condition without a linker were used to
generate cyclic peptide libraries for selection. (A) Phage titer analysis
over three rounds of selection under eight different conditions. (B)
Distribution of the abundance for the 200 most frequent peptide
sequences from round 3, as determined by NGS. The fraction of
peptide sequences less abundant than the top 200 is shown at the top
of the stacked bar chart, highlighted in black.
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performed in a 25 mL culture for each condition, yielding an
average of 1.5 × 1011 and 4.4 × 1011 infective phages after
modification with linkers. The titer of captured phage
increased significantly from round 2 to round 3, especially
for linkers 2, 3, 4, and 7. After three rounds of selection, the
capture yields (eluted phage/loaded phage) increased from 1.2
× 10−6 to 6.3 × 10−5 for linker 4 cyclized conditions, indicating
successful enrichment of target-binding peptides (Figure 2A).
Subsequently, the peptide-encoding DNA sequences of the

selected phage samples from each round as well as the phage
samples prior to the panning step of round 3 were amplified by
PCR using primers with unique barcode sequences (Table S2)
and sequenced on the Illumina novaseq platform. MATLAB
scripts were used to separate the sequences of different samples
based on their barcodes, translate the nucleotide sequences
into amino acid sequences, and cluster the peptide sequences
into different consensus groups.34 NGS results of round 3
showed that the abundance of the dominant selected peptide
under different linker conditions ranged from 23.5 to 90.8%,
indicating successful enrichment of target-binding peptides
(Figure 2B).

By analyzing the proportion of peptide sequences in the
NGS data from phage samples, we were able to track the
enrichment of each sequence across the selection process. In
addition, based on the prior panning sample of round 3, the
changes in peptide proportions during both amplification and
panning with the target could be distinguished. Specifically, the
data for linkers 3 and 5 were analyzed in more detail, showing
that peptides started to be significantly enriched in round 2 for
linker 3 and round 3 for linker 5, respectively. As shown in
Figure 3A, the relative abundances of selected peptides APH-I
and APH-C increased from 0.15 and 0.23% (round 1) to 14.9
and 19.6% (round 2), reaching 27.5 and 41.1% (round 3)
under linker 3 conditions. In contrast, the relative abundance
of selected peptide APH-Y increased from 0.09% (round 1) to
0.46% (round 2) and then to 16.7% (round 3) under linker 5
conditions (Figure 3A). Additionally, the distribution of
peptides in the phage sample from round 3-initial resembled
that of round 2, indicating that no significant bias occurred
during the amplification of the phage (Figure 3A).
Similar consensus groups were observed in two-cysteine

peptides across most linker conditions (Figure 3B). The

Figure 3. Enrichment and consensus analysis of cyclic peptide sequences. (A) Abundance of peptide sequences enriched across rounds 1 to 3 using
linker 3 and linker 5. “Round 3_initial” represents the sequencing data of the phage library sample prior to the panning step of round 3. Numbers
indicate the proportion of each peptide sequence or fraction. Sequences less abundant than the top 200 are grouped at the top of the stacked bar
chart and are shown in gray. (B) Highly enriched peptides identified from phage libraries after three rounds of selection using linkers 2, 3, 4, or 5.
Peptides with similar sequences are grouped and aligned with conserved regions highlighted in color. The relative abundance of each peptide is
shown, and colored frames represent changes in abundance across selection rounds based on NGS results.

ACS Chemical Biology pubs.acs.org/acschemicalbiology Article

https://doi.org/10.1021/acschembio.5c00366
ACS Chem. Biol. 2025, 20, 2219−2228

2222

https://pubs.acs.org/doi/suppl/10.1021/acschembio.5c00366/suppl_file/cb5c00366_si_001.pdf
https://pubs.acs.org/doi/10.1021/acschembio.5c00366?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.5c00366?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.5c00366?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.5c00366?fig=fig3&ref=pdf
pubs.acs.org/acschemicalbiology?ref=pdf
https://doi.org/10.1021/acschembio.5c00366?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


consensus groups of APH-I, APH-A, and APH-C were the
most abundant under linkers 2−4 and the second most
abundant under linker 7. These groups contained the
conserved motif “CXW(P/L)LC”. In contrast, the consensus
group of APH-Y, which harbored the conserved motif “CP(W/
F)YC” under linker 5 conditions, was significantly different.
This group was relatively less abundant compared to peptides
containing “CXW(P/L)LC” in other linkers, and it became
enriched only by round 3 (Figure 3A). Interestingly, no four-
cysteine peptides were significantly enriched in our selection
against APH, and we speculate that this may be due to two
factors. First, the binding pocket of APH may better
accommodate monocyclic peptides than bicyclic structures.
Second, monocyclic peptides benefit from higher avidity
effects, as they are displayed on phages at pentavalent levels.
In contrast, each isomer of a bicyclic peptide derived from a
four-cysteine sequence is likely displayed at only monovalent
or bivalent levels.
Affinity of Cyclic Peptides to Target Protein. To

determine the binding affinities of the enriched peptides to
APH, four peptides (APH-C, APH-I, APH-A, and APH-Y)
were synthesized with a C-terminal fluorescein moiety and
cyclized with the corresponding linkers (Table S3). The
affinity of these peptides was then tested by fluorescence
polarization. For the peptide APH-A, four cyclic counterparts
(A-L2, A-L3, A-L4, and A-L7) were generated by cyclization
using linkers 2, 3, 4, and 7, respectively (Figure S4). A-L2, A-
L3, and A-L4 exhibited submicromolar affinities, with Kd of
0.26 ± 0.02, 0.27 ± 0.03, and 0.36 ± 0.03 μM, respectively,
while A-L7 showed more than a 10-fold weaker affinity (Kd =
3.68 ± 0.49 μM, Figure 4A and Figure S5).
Similarly, three purified cyclic counterparts of peptide APH-

C exhibited affinities of 0.96 ± 0.08, 0.75 ± 0.07, and 0.58 ±
0.06 μM for C-L2, C-L3, and C-L4, respectively (Figure 4B
and Figure S5). The four purified cyclic peptides of APH-I (I-
L2, I-L3, I-L4, and I-L7) displayed significantly better affinities
with Kd of 0.10 ± 0.01 μM, 63 ± 6 nM, 0.14 ± 0.01 μM, and
0.80 ± 0.06 μM, respectively (Figure 4C and Figure S5). For
the APH-Y enriched under linker 5 conditions, the Kd of its
cyclic counterpart Y-L5 against APH is 0.40 ± 0.05 μM
(Figure 4D and Figure S5). The linear and oxidized forms of
representative peptides APH-C, APH-I, and APH-Y showed no
affinity to APH (Figure S5). In summary, a series of candidate
cyclic peptides, derived from sequences APH-C, APH-I, APH-
A, and APH-Y, have been effectively identified from the three
rounds of phage selection.
Previous efforts to develop APH inhibitors have focused

primarily on small molecules. For example, derivatives of
pyrazolopyrimidine targeting eukaryotic protein kinases
(ePKs) were shown to inhibit APH with Ki values in the
3.8−93 μM range,32 and bisubstrate analogues achieved the
best Ki values of approximately 3.0 μM.33 However, although
peptide-based inhibitors (both cyclic and linear) have been
reported, they do not show superior affinity, with IC50 or Ki
values in the 5.0−79 μM range.35 Interestingly, the cyclic
peptides identified here (especially I-L3, Kd = 63 nM) show
binding affinities to APH that exceed those of previously
reported small molecules and peptides. This demonstrates that
phage selection can produce high-affinity APH ligands suitable
for further development.
Effect of Divalent Metal Ions on the Affinities of

Cyclic Peptides. During the affinity characterization of cyclic
peptides, binding measurements were initially conducted in

two buffer systems: (1) standard PBS buffer (137 mM NaCl, 1
mM KCl, 4 mM Na2HPO4, 0.7 mM KH2PO4, pH 7.4, and
0.01% Tween 20) and (2) the reaction buffer (50 mM Tris−Cl
pH 7.5, 40 mM KCl, 10 mM MgCl2, and 0.01% Tween 20).
Notably, significant differences in binding affinities were
observed between these conditions. Considering the use of
buffer W2 (10 mM Tris−Cl pH 7.4, 150 mM NaCl, 10 mM
MgCl2, 1 mM CaCl2, 1% (w/v) BSA, and 0.1% (v/v) Tween
20) as incubation buffer in phage selection, we supposed that
divalent metal ions might play a potential regulatory role in the
interaction between cyclic peptides and APH. To investigate
this hypothesis, the dissociation constants (Kd) of four
candidate cyclic peptides were systematically evaluated in
two additional buffer conditions: 50 mM Tris (pH 7.5), 40
mM KCl, with the addition of (i) 1 mM Ca2+ or (ii) no
divalent metal ions (Figure 5).
For three cyclic peptides with the CXW(P/L)LC motif, the

presence of 10 mM Mg2+ significantly enhanced binding
affinity, with Kd values improved by 2.7- to 6.7-fold compared

Figure 4. Affinity assays of cyclic peptides. Cyclic peptides derived
from APH-A (A), APH-C (B), APH-I (C), and APH-Y (D), each
modified with different chemical linkers, were tested for binding to
APH. The binding affinity of the candidate cyclic peptides was
measured using fluorescence polarization. The structures of four
candidate cyclic peptides, A-L2, C-L4, I-L3, and Y-L5, are shown.
Mean values and standard deviations from three independent
measurements are presented.
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to divalent metal-free conditions. Specifically, Kd values in
Mg2+-containing buffer were 0.26 ± 0.02 μM (A-L2), 0.58 ±
0.06 μM (C-L4), and 63 ± 6 nM (I-L3), whereas values in
metal-free buffer increased to 0.74 ± 0.07, 1.59 ± 0.25, and
0.42 ± 0.04 μM, respectively. Moderate Kd values were

observed with 1 mM Ca2+ (0.51 ± 0.06 μM for A-L2, 0.83 ±
0.05 μM for C-L4, and 0.14 ± 0.01 μM for I-L3), indicating a
weaker facilitating effect compared to that of 10 mM Mg2+
(Figure 5A−C). In contrast, the fourth peptide (Y-L5)
exhibited less pronounced metal ion dependence. Its Kd values
in Mg2+-, Ca2+-, and divalent metal-free buffers were 0.40 ±
0.05, 0.62 ± 0.05, and 0.81 ± 0.09 μM, respectively (Figure
5D), suggesting that the regulatory role of metal ions may be
motif-specific. Collectively, these results demonstrate that both
Mg2+ and Ca2+ enhance the binding affinity of cyclic peptides
to APH, with Mg2+ (10 mM) exerting a more pronounced
effect than Ca2+ (1 mM). This observation implies that metal
ions likely stabilize specific conformational and electrostatic
interactions during peptide−APH complex formation.
Divalent metal ions such as Mg2+ and Ca2+ are well known

to modulate enzyme−substrate interactions and catalytic
activity. In the previously published ternary complex of
kanamycin A, ATP, and APH, two Mg2+ ions coordinate
directly with the ATP phosphate backbone.33,36 Likewise, the
crystal structure of the APH·Ca2+·ATP complex (PDB ID:
4EJ7) shows two Ca2+ ions simultaneously bridged to the ATP
phosphates, specific enzyme residues, and ordered water
molecules.32 Together with our binding data�where peptide
affinity increases markedly in the presence of 10 mMMg2+ or 1
mM Ca2+ compared to metal-free buffer (Figure 5)�this
suggests that these divalent cations may coordinate peptide−
enzyme interactions at the interface, requiring validation by
structural studies. Accordingly, including physiologically
relevant concentrations of Mg2+ or Ca2+ in the phage-selection
buffer should better recapitulate the native active site
environment and thereby accelerate the identification of

Figure 5. Influence of metal ions on the binding of cyclic peptides to
APH. Binding affinities were determined using fluorescence polar-
ization under three conditions, in a buffer containing 50 mM Tris (pH
7.5), 40 mM KCl, with the addition of 10 mM MgCl2, 1 mM CaCl2,
or in the absence of divalent metal ions. Results are shown for four
candidate cyclic peptides: A-L2 (A), C-L4 (B), I-L3 (C), and Y-L5
(D). Data represent the mean ± standard deviation (SD) from three
independent measurements.

Figure 6. Identification of binding sites and inhibitory effects of candidate cyclic peptides targeting APH. (A−C) Competitive fluorescence
polarization assays showing the effect of varying concentrations of ATP or antibiotics on the binding of cyclic peptides A-L3 (A), I-L3 (B), and Y-
L5 (C) to APH. (D) Relative activity of APH measured in the presence of 0−5.0 μM cyclic peptide A-L3′ (without FAM group at C-terminus).
The inhibitory activity of peptide I-L3′ is shown in Figure S6. Data are presented as the mean ± standard deviation from three independent
measurements.
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potent cyclic peptide inhibitors. Conversely, any metal ions
that are not present under physiological conditions should be
omitted during selection to avoid enriching peptides whose
binding depends on non-physiological cations and that would
therefore fail to bind in vivo.
Binding Site and Inhibition Analysis of Cyclic

Peptides. The active sites of APH are ATP-binding site and
antibiotic-binding site.32 To inculcate the candidate cyclic
peptide binding site in APH, a competitive fluorescence
polarization assay was performed by including ATP or
kanamycin into the binding assay. For two candidate cyclic
peptides, A-L3 and I-L3, which contain the CXW(P/L)LC
motif, Kanamycin showed no effect on the binding reaction,
while 0.04−0.16 mM of ATP could affect its binding (Figure
6A,B). In contrast, for Y-L5, which contains the CP(W/F)YC
motif, kanamycin and neomycin could partially compete with
the Y-L5 binding, while ATP could impede Y-L5 access to the
binding site more potently (Figure 6C). The results indicating
that all candidate cyclic peptides containing conserved motif
CXW(P/L)LC or CP(W/F)YC primarily bind at the ATP-
binding site of APH.
To evaluate the inhibitory effect of candidate cyclic peptides,

APH activity was measured in the presence of varying
concentrations of A-L3′ (A-L3 without a FAM group at C-
terminus), with a blank assay consisting of the sample without
APH. It was observed that the addition of A-L3′ (0.31−5.00
μM) resulted in a decrease in APH activity compared to the
control without A-L3′. At 0.31 μM A-L3′, the relative activity
of APH decreased to ∼60%, and at 5.00 μM A-L3′, it dropped
to ∼40% (Figure 6D). These results indicate that the candidate
cyclic peptide A-L3′ effectively inhibits APH activity in vitro.
To date, the reported APH inhibitors exhibit distinct

binding sites and modes. By fusing adenosine and neamine
(an aminoglycoside antibiotic) into one compound, bisubstrate
analogue inhibitors occupy both of the enzyme’s substrate-
binding pockets at once.33 By contrast, adapted from
pyrazolopyrimidine inhibitors of ePKs,37,38 pyrazolopyrimidine
derivatives impair APH activity in vitro by engaging the NTP-
binding site in a conformation that differs from how they bind
to ePKs.32 In the present study, our cyclic peptides also target
the ATP-binding cleft of APH (Figure 6A−C), and their
broader interaction surface may offer superior selectivity over
pyrazolopyrimidine derivatives to better discriminate APH
from structurally similar ePKs.

■ CONCLUSIONS
Using inhibitors of antibiotic-resistant enzymes as adjuvants is
a reasonable strategy in response to the antibiotic resistance
challenge. However, there are no inhibitors available for
aminoglycoside resistance enzymes in clinical use. In this
study, we choose APH, which catalyzes aminoglycoside
phosphorylation, as a target to fishing candidate inhibitors of
cyclic peptides using phage display-based selection.
Our study establishes cyclic peptides as a promising class of

inhibitors targeting the ATP-binding cleft of APH, offering a
novel strategy to combat aminoglycoside resistance. Through
phage display screening of an ultradiverse cyclic peptide library
(1011 variants), we identified two conserved motifs, CXW(P/
L)LC and CP(W/F)YC, which confer nanomolar binding
affinities and ATP-competitive inhibition. Mg2+ and Ca2+
significantly improved peptide−APH interactions (up to a
6.7-fold affinity increase), likely by stabilizing structural
conformations critical for target engagement.

In summary, the availability of cyclic peptide inhibitors in
our study provides insight into the further development of
effective and potent inhibitors for the treatment of AGA-
resistant bacteria with APH in clinical use. Future efforts will
focus on structural optimization (e.g., through reduced
molecular weight and hydrogen-bond donors to improve
permeability), followed by in vivo validation of optimized leads.
Co-crystallization studies of peptide-APH complexes are
essential to elucidate binding modes and guide the rational
design of cyclic peptides. Additionally, extending this platform
to other AMEs (i.e., AACs and ANTs) could broaden its
impact on multidrug resistance.

■ MATERIALS AND METHODS
Preparation of Phage-Displayed Peptide Library. For each

sublibrary, 1 mL of library glycerol stock was inoculated into 0.25 L of
2YT medium with 10 μg/mL tetracycline. Then, the mixture was
incubated overnight at 30 °C while being shaken at 200 rpm. After
centrifugation at 8000 rpm for 20 min to collect the supernatant, 20%
(v/v) of ice-cold buffer N (20% (w/v) polyethylene glycol 6000 and
2.5 M NaCl) was added. After incubation on ice for 30 min, the phage
was harvested through centrifugation at 6500 rpm for 45 min at 4 °C.
The phage pellet was dissolved in 40 mL degassed buffer R (20 mM
NH4HCO3 and 5 mM EDTA, pH 8.0) and centrifuged again at 6500
rpm for 5 min to remove residual bacterial cells.
The peptides displayed on phages were reduced with 1 mM TCEP

at 20 °C for 30 min. Phage was precipitated by adding 10 mL of ice-
cold buffer N, followed by centrifugation at 4500 rpm and 4 °C for 15
min. The retrieved phage pellet was then resuspended in 6 mL of
degassed buffer R, and the obtained phage solutions were equally
divided into eight 4.5 mL aliquots. For each aliquot, 0.5 mL of 200
μM chemical linker was added and the mixture incubated at 30 °C for
1 h. Besides seven chemical linkers, the last aliquot was also incubated
at 30 °C for 1 h without linker and used as a control in the following
selections. The cyclized peptide library was harvested using phage
precipitation, and then resuspended in 5 mL of buffer W2 (10 mM
Tris−Cl, 150 mM NaCl, 10 mMMgCl2, 1 mM CaCl2, 1% (w/v) BSA,
and 0.1% (v/v) Tween 20, pH 7.4), for the round 3 selection, we took
50 μL of the solution for each as initial phage samples. Then, the
phage samples were blocked for 30 min at room temperature (RT) on
a rotating wheel (10 rpm).
Phage Selection against APH. To immobilize the biotinylated

APH for panning, 160 μL of magnetic beads was washed twice by 1
mL of buffer W1 (10 mM Tris−Cl, 150 mM NaCl, 10 mM MgCl2,
and 1 mM CaCl2, pH 7.4) and resuspended in 160 μL of buffer W1.
Then, 4 μg of APH-Biotin was added and mixed up, and the reaction
was performed for 30 min at RT on a rotating wheel (10 rpm).
Magnetic beads were collected and washed twice by 1 mL of buffer
W1, then the beads were resuspended in 400 μL of buffer W2 and
blocked for 30 min at RT on a rotating wheel (10 rpm).
Two types of beads, streptavidin and neutravidin beads, were used

alternatively in the three rounds of phage selection to disfavor
enrichment of streptavidin- or neutravidin-specific peptides. Neu-
travidin beads were prepared by reacting 6 mg of neutravidin (Pierce)
with 10 mL of tosyl-activated magnetic beads (Dynal, M-280 from
Invitrogen) according to the supplier’s instructions. For the first and
the third rounds of selection, 4 and 0.4 μg of APH-Biotin were
immobilized on 160 and 80 μL of streptavidin beads, respectively. For
the second round, 2 μg of APH-Biotin was immobilized on 180 μL of
neutravidin beads.
The 50 μL blocked beads were mixed with the 5 mL blocked phage

and incubated for 1 h on a rotating wheel (10 rpm) at RT.
Subsequently, the beads were collected and washed with buffer W1
containing 0.1% (v/v) Tween 20 eight times and then rinsed twice
with buffer W1. The beads with captured phage were incubated with 5
mL E. coli TG1 cells (OD600 = 0.4−0.8) for 30 min at 37 °C, and the
cells were collected by centrifugation at 5000 rpm for 5 min, then
plated on 2YT plates containing tetracycline (10 μg/mL). The plate
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was incubated overnight at 37 °C. The obtained cells were
resuspended in 4 mL of 2YT medium containing 10% glycerol and
stored at −20 °C as stock. Furthermore, for round 2 and round 3
selection, phages were obtained by inoculation of the glycerol stock
from a previous round.
NGS Analysis of Enriched Peptides. The peptide-encoding

DNA of phage samples was sequenced on the Illumina next-
generation sequencing (NGS) platform. NGS samples were prepared
following two rounds of PCR reactions using primers containing
barcodes and adapter sequences, respectively.
The peptide library glycerol stock or phage samples of three rounds

was used as templates of the first PCR reaction. The phage samples
from the selection were heated at 95 °C for 10 min and centrifuged to
remove protein contents in the sample and release the ssDNA. The
first-round PCR reaction was performed in 50 μL containing 1 μL of
glycerol stocks (OD600 ∼10) or 2 μL of treated phage sample as
template, 5 μL of forward primer (1 μM), 5 μL of reverse primer (1
μM), 25 μL of 2× PCR MasterMix (Cat#NG001, HLingene), and
added ddH2O up to 50 μL. The PCR procedure was 95 °C for 5 min,
followed by 25 cycles of 30 s at 95 °C, 30 s at 55 °C, and 30 s at 72
°C and a final elongation at 72 °C for 10 min. The product of the first
round PCR was confirmed with 2.5% agarose gel.
The second round of PCR was performed in 50 μL containing 2 μL

of the first PCR product mixture as template, 1 μL of forward primer
S505 (5 μM), 1 μL of reverse primer N704 (5 μM), 25 μL of 2× PCR
MasterMix (Cat#NG001, HLingene), and added ddH2O up to 50 μL.
To get the sufficient product, a total of 200 μL (50 μL × 4 tubes) of
PCR reaction was conducted. The PCR procedure was 95 °C for 5
min, followed by 25 cycles of 30 s at 95 °C, 60 s at 55 °C, and 30 s at
72 °C and a final elongation at 72 °C for 10 min. The product of the
second round PCR was confirmed with 2.5% agarose gel and purified
by the AxyPrep PCR Clean-up Kit. After concentration detection
using Qubit, the purified DNA fragments were sequenced with
Illumina Novaseq 2× 150 bp (GENEWIZ Ltd., Suzhou, China). The
primer sequences used in this study are listed in Table S2.
NGS Data Analysis. The NGS data were analyzed by MatLab

scripts as previously described.34 First, the reads were separated into
several files according to the barcode. Second, low-quality sequences
of each file were removed, and the remaining sequences were
translated into amino acid sequences of peptides; peptides with
lengths beyond 5−14 amino acids were excluded. Third, the mutation
errors generated in the abundant peptide sequences during the NGS
process were fixed. Finally, the obtained peptide sequences were
grouped into families based on sequence similarity, and the
abundance of selected peptides was further analyzed using Microsoft
Excel.
Affinity Assay Using Fluorescence Polarization. Fluorescent

cyclic (or linear, oxidized) peptides were diluted to 100 nM in
reaction buffer (50 mM Tris−Cl pH 7.5, 40 mM KCl, and 10 mM
MgCl2) with the addition of 0.01% Tween 20. Serial 2-fold dilutions
of the target protein APH were performed (totally 11 samples) using
the reaction buffer (0.01% Tween 20). A sample of reaction buffer
(0.01% Tween 20) was used as a control. The assay was conducted in
384-well black plates, and total volume in each well is 15 μL
containing 3 μL of peptide solution (final concentration of 20 nM)
and 12 μL of APH dilutions. After 30 min of incubation at RT,
anisotropy values were measured using a microplate reader (Spark,
TECAN). The dissociation constant (Kd) was determined by
nonlinear regression analysis of fluorescence anisotropy (Y) versus
the final concentration of APH(x) using eq1. GraphPad Prism 9
software was used for data analysis with the fluorescence anisotropy of
the free peptide (Af), the fully bound peptide (Ab), and the total
concentration of fluorescent ligand [L]T = 20 nM.
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Effect of Divalent Metal Ions, ATP, and Kanamycin on
Binding. To test the effect of metal ions on binding, three different
buffers were used that contained varied concentrations of divalent
metal ions: 50 mM Tris (pH 7.5) and 40 mM KCl, with the addition
of (i) 10 mM Mg2+, (ii) 1 mM Ca2+, or (iii) no divalent metal ions.
The candidate cyclic peptides and APH protein were dissolved in
these three buffers (0.01% Tween 20) at appropriate concentration.
Then, the affinity of peptide and APH in three different conditions
was detected using the same method as described above.
Competitive fluorescence polarization assay was used to determine

the effect of ATP or kanamycin on the binding of candidate cyclic
peptides to the APH protein. The assay was conducted in 384-well
black plates with a total volume of 15 μL in each well. For each cyclic
peptide, 20 nM of fluorescent cyclic peptide was mixed with
subsaturation concentration of protein APH (0.2 to 1.6 μM) and 0
to 10 mM of ATP or kanamycin. For three candidate cyclic peptides,
A-L3, I-L3, and Y-L5, the subsaturation concentrations of APH used
were 1.0, 0.2, and 1.6 μM, respectively. Fluorescence anisotropy was
measured the same as described above. The data of anisotropy versus
the peptide concentration were fitted to the log(inhibitor) versus
response equation using nonlinear regression analysis:

Y A
A A

1 10 X pmin
max min

(log C50 )
= +

+ | (2)

wherein Y is the anisotropy, X is the logarithm of peptide
concentration, Amin is the bottom of the fitted anisotropy curve,
Amax is the top of the fitted anisotropy curve, IC50 is the concentration
of peptide that inhibits 50% of target-FAM peptide binding, and p is
the Hill coefficient.
Inhibition Assay. The specific activities of APH were determined

by measuring the transformation of ATP to ADP by HPLC (Agilent
1260 Infinity II). The assay samples were prepared as follows: 0.2 mM
ATP-Na2, 0.2 mM kanamycin, 0.1 μM APH, and 0 to 5.0 μM A-L3′
(or I-L3′) were added in a total volume of 100 μL reaction buffer.
The control sample (no APH) contained 0.2 mM ATP-Na2 and 0.2
mM kanamycin. The reactions were carried out at 37 °C for 1 h and
terminated by adding 40 μL of chloroform into 20 μL of the sample
and vortexing for 1 min. All samples were centrifuged at 12,000 × g
for 5 min, and the supernatant was used for HPLC analysis.
Concentrations of ATP and ADP were measured with an HPLC

equipped with a Thermo Fisher Betasil C18 column (250 × 4.6 mm,
5 μm). Mobile phase A consisted of 0.02 M KH2PO4 (pH = 6.0), and
mobile phase B consisted of 100% methanol. The mobile phase
composition was 95% A and 5% B, and the flow rate was set to 1 mL/
min. The column was maintained at RT. Detection was performed at
the wavelength of 254 nm.
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