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ABSTRACT

AmpC BER is an extended-spectrum (ES) class C B-lactamase with a two-amino-acid insertion in the H10
helix region located at the boundary of the active site compared with its narrow spectrum progenitor. The
crystal structure of the wild-type AmpC BER revealed that the insertion widens the active site by restruc-
turing the flexible H10 helix region, which is the structural basis for its ES activity. Besides, two sulfates
originated from the crystallization solution were observed in the active site. The presence of sulfate-
binding subsites, together with the recognition of ring-structured chemical scaffolds by AmpC BER, led
us to perform in silico molecular docking experiments with halisulfates, natural products isolated from
marine sponge. Inspired by the snug fit of halisulfates within the active site, we demonstrated that hal-
isulfate 3 and 5 significantly inhibit ES class C B-lactamases. Especially, halisulfate 5 is comparable to
avibactam in terms of inhibition efficiency; it inhibits the nitrocefin-hydrolyzing activity of AmpC BER
with a K; value of 5.87 pM in a competitive manner. Furthermore, halisulfate 5 displayed moderate
and weak inhibition activities against class A and class B/D enzymes, respectively. The treatment of B-
lactamase inhibitors (BLIs) in combination with B-lactam antibiotics is a working strategy to cope with
infections by pathogens producing ES p-lactamases. Considering the emergence and dissemination of
enzymes insensitive to clinically-used BLIs, the broad inhibition spectrum and structural difference of
halisulfates would be used to develop novel BLIs that can escape the bacterial resistance mechanism

mediated by B-lactamases.
© 2020 Published by Elsevier B.V. on behalf of Research Network of Computational and Structural Bio-
technology. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

1. Introduction

the most widely prescribed chemotherapeutic agents to treat bac-
terial infections. However, their clinical usage has been promoting

B-Lactam antibiotics are suicide inhibitors against penicillin-
binding proteins (PBPs) that are essential to synthesize the
mesh-like peptidoglycan layer. Thanks to their low toxicity and
their effectiveness in various bacteria, B-lactam antibiotics are

Abbreviations: ES, extended-spectrum; BLI, B-lactamase inhibitor; PBP,
penicillin-binding  protein; DBO, diazabicyclooctane;  Ni-NTA, nickel-
nitrilotriacetic acid; MES, 2-(N-morpholino) ethanesulfonic acid.

* Corresponding authors at: Protein Research Laboratory, Department of Chem-
istry & Nanoscience, Ewha Womans University, Seoul, 03760, Republic of Korea (S.-
S. Cha), Marine Natural Products Chemistry Laboratory, Korea Institute of Ocean
Science and Technology, 385 Haeyang-ro, Yeongdo-gu, Busan 49111, Republic of
Korea (H.-S. Lee).

E-mail addresses: hslee@kiost.ac.kr (H.-S. Lee), chajung@ewha.ac.kr (S.-S. Cha).

! Present Address: Department of Pharmaceutical Engineering, Sangji University,
Wonju 26339, Republic of Korea.

https://doi.org/10.1016/j.csbj.2020.12.015

the emergence and spread of pathogens that are not eradicated by
antibiotic treatment. The prevalent resistant mechanism of those
bacteria is the production of B-lactamases [1]. f-Lactam antibiotics
are structurally featured by a common B-lactam ring and B-
lactamases inactivate them by hydrolytically break the reactive
amide bond in the ring. Class A, C, and D B-lactamases have an
active site serine residue for the nucleophilic attack on the ring
amide bond while class B metallo-B-lactamases exploit a water
molecule activated by zinc to cleave the ring.

To circumvent the B-lactamase-mediated antibiotic resistance
threat, p-lactamase inhibitors (BLIs) have been developed [2]. A
combination of B-lactam antibiotics and BLIs is a working strategy
to treat B-lactamase-producing pathogens. Among BLIs, clavu-
lanate, tazobactam, sulbactam, avibactam, and vaborbactam are
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widely used in therapy. However, clavulanate, tazobactam, sulbac-
tam are only effective towards class A enzymes [3], and even the
recently-developed avibactam and vaborbactam have a limited
effect on class D B-lactamases and no effect on class B B-
lactamases [4,5]. Furthermore, variants of class A B-lactamases
which are not inhibited by avibactam have also been reported
[6]. Notably, clinically applicable BLIs are similar to B-lactam
antibiotics in terms of structure; they have a B-lactam ring or B-
lactam-mimicking ring structure such as diazabicyclooctane
(DBO) and cyclic boronic acid pharmacophore. Consequently,
existing BLIs have limits in their structures and inhibition spectra,
which would be overcome by the development of novel BLIs with a
different structural scaffold.

AmpC BER is an extended-spectrum (ES) class C p-lactamase
isolated from an Escherichia coli clinical strain and it has improved
catalytic efficiencies (kcat/Kmn) for cephalosporins and imipenem
than its progenitor AmpC EC2 [7]. ES class C enzymes are generally
characterized by high k.,: and Ky, values against diverse substrates
compared to their progenitors. Despite the simultaneous increase
of kear and Ky, [8-10], the catalytic efficiency (kca/Km) of ES class
C B-lactamases can be elevated since the increase in k¢, is more
than compensative for the increased K. In the case of AmpC
BER, however, the k. increase is accompanied by the K, decrease
[8-10], which is ideal to increase the k../Ky value, that is, to
enhance the catalytic efficiency.

The only sequence difference between AmpC BER and AmpC
EC2 is the existence of two more residues in the H10 helix
region (residues 293-296) defining the boundary of the active
site. Thus, the insertion mutation that affects the active site con-
formation is probably responsible for the unusual catalytic fea-
ture of AmpC BER. To reveal the structural consequence of the
insertion mutation, we have determined the 1.79 A resolution
crystal structure of the wild-type AmpC BER. Although the
H10 helix region was reported to be disordered in the previous
study about the Ser64Ala mutant of AmpC BER [11], the wild-
type structure has the ordered H10 helix region that allows
depicting the conformational change of the active site induced
by the insertion mutation. In addition, two sulfate-binding sub-
sites are identified in the active site, which, together with the
ability of AmpC BER to recognize the ring-structured scaffold,
led us to demonstrate the inhibition activities of halisulfates iso-
lated from marine sponges against B-lactamases. Their distinct
chemical scaffold could be exploited to develop novel inhibitors
that can escape bacterial resistant mechanisms adapted to exist-
ing BLIs.

2. Materials and methods
2.1. Cloning, expression, and purification of p-lactamases

Cloning of KPC-2, NDM-1, CMY-10, AmpC BER, and OXA-10 was
performed as described previously [12]. The E. coli strain BL21
(DE3) was used as a host for heterologous expression of B-
lactamases. At ODggg = ~0.5, their expression was induced by add-
ing isopropyl B-D-1-thiogalactopyranoside at a final concentration
of 1 mM. The induced cells were cultivated at 20 °C for 18 h and
harvested by centrifugation. The cell pellets were resuspended in
a 50 mM Tris-HCl (pH 7.4) buffer, and disrupted by sonication.
The crude lysate was centrifuged and the resulting supernatant
was loaded onto a nickel-nitrilotriacetic acid (Ni-NTA) column
(GE Healthcare, USA). Then, eluted proteins from the Ni-NTA col-
umn were further purified by successively using a Superdex 75
HR 16/60 columns (GE Healthcare, USA) and m-
aminophenylboronic acid agarose (Sigma-Aldrich, USA).
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2.2. Crystallization and structure determination

AmpC BER in a buffer of 20 mM Tris-HCl pH 7.0 was concen-
trated to ~ 30 mg/ml and crystallized under the microbatch crystal-
lization set up modified by our group [13,14]. Crystals belonging to
the space group P2:2:2; (a = 60.855 A, b = 64.484 A, and ¢ = 176.
300 A) were grown at 22 °C in drops under a thin layer of Al's oil
that consist of 1 pl protein sample and an equal volume of a pre-
cipitant solution (0.2 M lithium sulfate, 0.1 M bis-tris pH 5.5, and
25% polyethylene glycol 3,350). To collect diffraction data, crystals
were flash-cooled after a one-minute soak in a buffer composed of
0.2 M lithium sulfate, 0.1 M bis-tris pH 6.5, and 25% polyethylene
glycol 3,350. A 1.79 A resolution data set was processed and scaled
using the HKL-2000 program suite [15]. Two promising positions of
AmpC BER in the asymmetric unit were obtained by the molecular
replacement program MOLREP [16] with the structure of AmpC EC2
(PDB code 5GGW) as a search model. The subsequent model build-
ing and refinement processes with Coot [17] and PHENIX [18] gave
rise to a final model with the final R and Rgee values of 17.1% and
21.2%, respectively (Table S1).

2.3. Extraction and isolation of halisulfates

Extraction of halisulfates 1, 3, and 5 were performed as
described previously [19,20]. Freshly collected specimens of Cos-
cinoderma sp. (voucher collection-number 122CH-837) were
immediately frozen and stored at - 25 °C until use. Lyophilized
specimens (432 g) were repeatedly extracted with MeOH (2
L x 2) and CH,Cl, (2 L x 1). The combined extracts (37.9 g) were
successively partitioned between H,0 (12.8 g) and n-BuOH
(25.2 g); the organic fraction was repartitioned between MeOH-
H,0 (85:15) (18.7 g) and n-hexane (6.4 g). An aliquot of the former
layer (4.93 g) was separated by C;g reversed-phase vacuum flash
chromatography with a stepwise gradient solvent system
[MeOH-H,0 (5:5), (6:4), (7:3), (8:2), (9:1), (10:0), and EtOAc] to
yield seven fractions. Based on the results of '"H NMR, the fractions
eluted with MeOH-H,0 (8:2) (1.35 g) and MeOH-H,0 (9:1) (0.76 g)
were chosen for separation. The fraction eluted with MeOH-H,0
(8:2) was separated by semipreparative reversed-phase HPLC
(YMC-0DS column, 10 mm x 250 mm; MeOH-H,0, 6:4), yielding
halisulfate 1. The eluted fraction with MeOH-H,0 (9:1) was sepa-
rated by reversed-phase HPLC (YMC-ODS  column,
10 mm x 250 mm; MeCN-H,O0, 4:6) to yield halisulfate 3, halisul-
fate 5. The purified metabolites (>95% purity) were isolated in the
following amounts: 954.4 mg (halisulfate 1), 32.5 mg (halisulfate
3), and 61.1 mg (halisulfate 5). The molecular weight and purity
of halisulfates were estimated on the basis of combined spectro-
scopic analyses and comparison of spectroscopic data including
'H NMR and mass spectrometry with those in the literature
[19,20] (Fig. S1 and S2).

2.4. Inhibition assays

To evaluate the relative inhibition efficacy of halisulfates
toward different B-lactamases in a 50 mM MES [2-(N-
morpholino) ethanesulfonic acid] (pH 6.5) buffer containing 4%
dimethyl sulfoxide, enzyme concentration was fixed at 200 pM
with different halisulfates concentrations (200 uM for KPC-2/
CMY-10/AmpC BER/OXA-10, and 1 mM for NDM-1). After the addi-
tion of 100 uM nitrocefin, the absorbance of the nitrocefin hydrol-
ysis was recorded at 486 nm for 20 min (SpectraMAX Plus,
Molecular Devices, USA). The measured enzyme activities were
quantified based on a percentage of the initial velocity ratio: [/
1o x 100], where v; and 7, are the initial velocities in the presence
and absence of halisulfates, respectively. To determine the K; value
and the inhibition mechanism of halisulfate 5 against AmpC BER,
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two sets of experiments were performed. The Lineweaver-Burk
plots were generated by plotting inverted initial velocities against
inversed substrate concentrations (10, 30, 50, 70, and 90 uM) at
different concentrations of halisulfate 5 (0, 4, 10, and 20 uM). To
get the K; value, the plots were fitted to the competitive-
inhibition equation in the Origin software (OriginLab, USA),

_ Unmax[S)]
’ CKn(1+D) 45

where vpax is the maximum velocity, [S] represents the nitrocefin
concentration, and [I] represents the concentration of halisulfate 5.
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2.5. Computational molecular docking

Halisulfates were docked into the active site of the AmpC BER
structure by using AutoDock Vina [21]. To prepare the protein for
docking, water and sulfate molecules were removed and polar
hydrogen atoms were added to the structure of AmpC BER. The
three-dimensional structures of halisulfates were generated and
optimized with the Builder toolbox in PyMOL (The PyMOL Molec-
ular Graphics System, Version 2.3.2 Schrédinger, LLC).

3. Results and discussion
3.1. Structural feature of the wild-type AmpC BER

There are two AmpC BER molecules (molecules A and B) in the
asymmetric unit. They adopt a virtually identical modular struc-
ture consisting of a small helical domain (residues 81-167) and a
large o/B domain (residues 5-80 and 168-363). The two molecules
are superposed with r.m.s. deviation of 0.219 A for all C* atoms.
The active site is situated at the domain interface with the Q loop
and the R2 loop at the opposite boundaries (Fig. 1A). It is divided
into the upper R1 site and the lower R2 site with the nucleophilic
Ser64 at the border between them (Fig. 1A). The R1 and R2 sites
accommodate the R1 and R2 side chains of p-lactam antibiotics,
respectively, in the complex structures between class C enzymes
and substrates [22-27]. Despite the overall resemblance, the local
structure of the H10 helix region in the R2 loop, which harbors a
two-amino-acid insertion and defines the boundary of the R2 site,
is remarkably different in the two AmpC BER molecules. In mole-
cule A, the entire R2 loop is highly ordered as indicated by clear
electron density whereas the H10 helix region of the R2 loop (resi-
dues 284-295) is disordered in molecule B (Fig. 1B). Such a struc-
tural difference that is attributable to different packing
environments shows the flexible nature of the H10 helix region.

3.2. Structural basis for the extended-spectrum activity of AmpC BER

To gain insights into the ES activity of AmpC BER, the structure
of AmpC BER (molecule A) is superposed onto that of AmpC EC2
[11]; the r.m.s. deviation for all corresponding C* atoms is
0.261 A. This comparison uncovers the structural alteration of
the R2 loop induced by the insertion mutation in AmpC BER
(Fig. 2). Two alanines are inserted between Leu293 and Ala294;
as a result, Leu293-Ala294-Ala295-His296 in AmpC EC2 is changed

to Leu293-Ala294-Ala295-Ala296-Ala297-His298 in AmpC BER.
Concurrently, residues 289-294 in AmpC EC2 and corresponding
residues 289-296 in AmpC BER have different organizations of
structural elements (Fig. 2). In AmpC EC2, residues 289-293 adopt
the helical structure (H10 helix) and Ala294 is a one-residue ran-
dom coil. In contrast, residues 289-292 adopt a random-coil con-
formation and residues 293-296 form a 3¢ helix in AmpC BER.
Overall, the unfolding of the helical structure in residues 289-
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293 is accompanied by the coil-to-helix transition of residues
293-296 in AmpC BER.

In AmpC EC2, the H10 helix restricts the size of the R2 site due
to its location at the boundary (Fig. 2A). Therefore, the transition of
residues 289-293 from the thick helical conformation into a thin
random-coil has an effect to widen the R2 site in AmpC BER. The
shortest distance between the nucleophilic Ser64 and the H10
helix is ~ 12.4 A when measured with the C* atoms of Ser64 and
Ala292. It should be noted that the distance between the same
atoms is ~ 21.4 A in AmpC BER, which indicates the ~ 9.0 A shift
of the active site boundary (Fig. 2A). The wider active site is a gen-
eral feature of ES class C B-lactamases with insertion or deletion
mutations at the boundary region. For example, a three-residue
insertion in the Q loop of GC1 and a three-residue deletion in
the R2 loop of CMY-10 change the conformation of respective loops
at the boundaries to enlarge the active site [10,28].

Class C B-lactamases hydrolyze B-lactam antibiotics through a
two-step reaction after forming the non-covalent enzyme-
substrate complex [29]. In the first acylation reaction, the attack
of the nucleophilic Ser64 on the carbonyl carbon of the lactam ring
forms the acyl-enzyme intermediate in which the side-chain
hydroxyl oxygen of Ser64 is covalently linked to the carbonyl car-
bon and the C-N bond in the ring is broken. In the second deacyla-
tion reaction, the same carbonyl carbon is attacked by a water
molecule to release ring-opened antibiotics and to return Ser64
to its original state. The deacylation reaction is the rate-
determining step in the hydrolysis of B-lactam antibiotics
[25,30,31]. Therefore, the pose of B-lactam antibiotics in the acyl-
enzyme intermediate is critical for the deacylation reaction. Bulky
carbapenems and third/fourth-generation cephalosporins bound in
the narrow active site adopt catalytically-incompetent poses that
are defective in the stabilization of the high-energy tetrahedral
deacylation transition state, displace the deacylation water, or
block the trajectory of the deacylation water [10,32-34]. However,
they can have deacylation-competent poses in the enlarged active
site of ES enzymes [28,34]. In this perspective, the high k., values
of AmpC BER towards bulky B-lactam antibiotics are likely to be
associated with its widened active site, since the k¢,; value depends
on the rate-determining deacylation step. Furthermore, the low K,
values of AmpC BER towards those substrates appear to be related
to the flexible nature of the H10 helix region that has an advantage
in making favorable contacts with a broad range of B-lactam
antibiotics with different R2 side chains.

3.3. Structure-guided search for novel inhibitor scaffolds

Another interesting observation in the crystal structure of
AmpC BER is two tightly-bound sulfates in the active site; the
source of sulfates seems to be the crystallization solution. From
the initial stage of the refinement, two strong difference Fourier
electron densities of sulfates were observed in the active site
(Fig. 3). The first sulfate (Sul-I) is located near the nucleophilic
Ser64 and its three oxygen atoms make multiple polar contacts
with active site residues. O2 interacts with the side-chain hydroxyl
group of Tyr150 and the side-chain amino group of Lys317. The
distance between 04 and the hydroxyl group of Ser64 is 3.1 A, indi-
cating a hydrogen bonding interaction. O3 is connected to Asn345
and Asn348 through a water-mediated hydrogen-bonding net-
work. The second sulfate (Sul-II) is located between the Q-loop
and the B8 strand in the R1 site. Although only two oxygen atoms
of Sul-II are involved in interactions with the active site residues, it
is notable that Sul-II interacts with the backbone -NH groups of
Ser212 in the Q-loop and Gly322 in the B8-p9 loop.

Recently, our group discovered that nucleotides including
acAMP, IMP, GMP, and NADPH are effective in inhibiting AmpC
BER and CMY-10 [12,26,27,35]. According to the crystal structures
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Fig. 1. Overall structure and the conformation of the H10 helix region. (A) A cartoon diagram is shown with some secondary structures labeled. The o/p domain, helical
domain, Q loop, R2 loop, and H10 helix are colored gray, pink, green, red, and orange, respectively, in all figures. A red sphere represents Ser64 and two sulfates (Sul-I and Sul-
II) are shown as sticks. R1 and R2 stand for R1 and R2 subsites, respectively. (B) The final maximum-likelihood weighted 2F,-F. electron density map of residues 278-300
contoured at 1o (left: molecule A, right: molecule B). The dotted line indicates the disordered part in molecule B. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

of the adenylylated AmpC BER and nucleotide-bound CMY-10
[12,26], the three structural components of nucleotides (the phos-
phate group, the ribose ring, and the base ring) nicely fit into the
active site with geometric and electrostatic complementarities.
These discoveries, together with the presence of sulfate-binding
subsites in the active site of AmpC BER, prompted us to search for
ring-structured compounds with phosphate or sulfate groups to
examine whether they would have an inhibitory effect on AmpC BER.

Halisulfates were isolated from Coscinoderma sp. collected at
Chuuk, Micronesia [20]. Their structures satisfy our selection crite-
ria in that they have rings and a sulfate group (Fig. 4). Halisulfates
1, 3, and 5, which are used in this study, are featured by a sulfate
group, a monocyclic ring, and a bicyclic ring. Halisulfates 3 and 5
have the virtually identical aliphatic carbon chain except for the
stereochemistry at C-13 that is not defined in halisulfate 5. The
only structural difference in the two halisulfates resides in the
bicyclic ring (Fig. 4). On the other hand, their carbon chains are
remarkably different from that of halisulfate 1 (Fig. 4). Halisulfates
3 and 5 have a fully saturated chain of six carbon atoms whereas
halisulfate 1 has a carbon chain of nine atoms with a double bond
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and two methyl substituents. In addition to the distinct carbon
chains, a methyl sulfate group at C-13 and a furan ring in halisul-
fates 3 and 5 contrast with a sulfate group at C-12 and a hydro-
quinone ring in halisulfate 1.

3.4. Molecular docking models of the AmpC BER/halisulfates complexes

To examine whether the halisulfate scaffold would fit into the
active site of AmpC BER, we docked the three halisulfates into the
active site of AmpC BER (Fig. 5A). In the docked complexes, the sul-
fate groups of halisulfates nestle in the positively-charged surface
region, interacting with the side-chain amino group of Lys317,
the side-chain amide group of Asn348, the side-chain guanidium
group of Arg351, and the backbone —-NH groups of Gly319 and
Ala320 (Fig. 5B). This binding mode is reminiscent of the Sul-I bind-
ing in AmpC BER and the phosphate-binding in CMY-10 complexed
with nucleotides (Fig. S3). Hydrophobic bicyclic rings of the three
halisulfates are commonly placed in the space between the small
helical domain and the R2 loop (Fig. 5E). The hydrocarbon side
chains of Leul19, Leul49, and Tyr150 in the helical domain,
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(B)
289 25.)4
AmpC EC2 NPDSIINGSGNKIAL. .AAHP
B Hio
289 22'36
AmpC BER NPDSTINGSGNKIALAAAAHP
(I - Hi0-4

Fig. 2. Structural comparison of the H10 helix region. (A) Structures of AmpC BER (gray) and AmpC EC2 (hot pink) are superimposed for this figure. For clarity, only the H10
helix regions are shown and C* atoms are presented in spheres. A red sphere represents Ser64 and distances between Ser64 and Ala292 are represented by dotted lines. (B)
Structure-based sequence alignment of AmpC BER and AmpC EC2. The H10 helix regions are highlighted in gray. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

Fig. 3. Binding mode of sulfates. Sulfates and interacting residues are represented
as sticks. Water molecules are shown as red spheres. Yellow dotted lines represent
polar interactions. The initial maximum-likelihood weighted F,-F. electron density
maps of sulfates are contoured at 3c. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

together with the aliphatic part of the Lys290 side chain and the 3¢
helix in the R2 loop, grip the hydrophobic bulky rings.

A distinctive feature among the three docked structures is the
position of the monocyclic ring. The furan rings of halisulfate 3
and 5 are bound to an inner cavity of the R2 site formed by the
helix 15, Glu272, His316, and Thr318 (Fig. 5C). Furan rings lean
against the C-terminal end of the helix a15 with their oxygen
atoms hydrogen-bonded to the imidazole side chain of His316.
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The negatively-charged carboxylate in the side chain of Glu272
is ~ 3.4 A away from the furan rings. This unfavorable contact of
the non-polar ring with a charged group on one side is likely to
facilitate the hydrophobic contact of the ring with the C-terminal
end of the helix on the other side. Consequently, the two ring moi-
eties are placed on the same side with reference to the sulfate
group with a cis configuration (Fig. 5A). On the other hand, the
hydroquinone ring of halisulfate 1 is located in the R1 site; in this
trans binding mode, the two ring moieties are located on the oppo-
site sides of the sulfate group (Fig. 5A and D). It appears that the
longer halisulfate 1 than halisulfates 3 and 5 is too bulky to adopt
a cis configuration in the R2 site. The hydroquinone ring forms a -
1 stacking interaction with the aromatic side chain of Tyr221, and
the two hydroxyl groups at both ends of the hydroquinone ring are
hydrogen-bonded to the side-chain carbonyl group of GIn120 and
the backbone -NH group of Gly322 (Fig. 5D). Nevertheless, the
trans conformation of halisulfate 1 appears be unfavorable because
the hydrophobic aliphatic chain of halisulfate 1 is exposed to the
solvent and sandwiched by not hydrophobic residues but polar
residues including Ser64, GIn120, Asn152, and Thr321 (Fig. 5D).
As described below, halisulfates 3 and 5 with the cis binding mode
exhibit higher inhibition activities toward AmpC BER than halisul-
fate 1 with the unfavorable trans binding mode. The distinct inhi-
bition activities of the two binding modes are not reflected in the
similar docking scores of halisulfates. It is notable that the mis-
match between docking scores and experimental activities is not
a rare case in molecular docking studies [36,37].

The presence of well-defined structural water molecules in the
active site is not necessarily helpful to predict the pose of a ligand
in molecular docking studies [38]. As shown in Fig. 3, Sul-I is linked
to a water-mediated hydrogen bonding network. However, the
incorporation of the Sul-I interacting water molecules has little
effect on the pose of halisulfates except for the slight shift of the
sulfate group for the formation of a hydrogen bond with a water
molecule. Therefore, molecular docking was performed in the
absence of water molecules in this study.

3.5. Inhibition activities of halisulfates against the ES class C f-
lactamase AmpC BER

The successful docking of halisulfates in the active site drove us
to examine the inhibitory effects of the three halisulfates on AmpC
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Halisulfate 1 Halisulfate 3 Halisulfate 5

Hydroquinone ring

Bicyclic ring

Bicyclic ring Bicyclic ring

Fig. 4. Chemical structures of halisulfate 1, halisulfate 3, and halisulfate 5. Aliphatic carbon chains are highlighted by bold lines.

Fig. 5. Binding modes of halisulfates. (A) Halisulfate 1, halisulfate 3, and halisulfate 5 in the active site of AmpC BER are colored in yellow, magenta, and cyan, respectively.
The sulfate groups, monocyclic rings, and bicyclic rings are highlighted by dotted circles. Detailed interaction modes of a sulfate group, a furan ring, a hydroquinone ring, a
bicyclic ring of halisulfates are presented in (B), (C), (D), and (E), respectively. For clarity, only halisulfates 1 and 5 are shown in (B), (C), (D), and (E). Cavities and pockets of the
active site are represented by electrostatic potential surfaces. Blue, red, and white colors indicate positively-charged, negatively-charged, and hydrophobic surfaces,
respectively. Yellow dotted lines indicate polar interactions. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)

BER with nitrocefin as a reporter substrate. The clinically-used of AmpC BER towards nitrocefin were increased and kept constant,
avibactam was employed as a positive control to evaluate the inhi- respectively, which indicates that halisulfate 5 acts as a competi-
bition efficiencies of halisulfates (Fig. 6A). Halisulfates 3 and 5 gave tive inhibitor that occupies the active site to prevent the binding
rise to > 97% reduction in the nitrocefin-hydrolyzing activities of of nitrocefin (Fig. 6B). The K; value of halisulfate 5 toward AmpC
AmpC BER, whereas halisulfate 1 exhibited little inhibition activity. BER was calculated to be 5.87 puM. It is also notable that the inhi-
In a structural aspect, halisulfates 3 and 5 are very similar to each bition of AmpC BER by halisulfate 5 was not time-dependent.
other but they are different from halisulfate 1 as described above

(Fig. 4), which indicates that the structural resemblance and differ- 3,6, Inhibition activities of halisulfates on other types of p-lactamases
ence among the three halisulfates are related to their distinct inhi-
bition activities. Encouraged by the efficient inhibitory activities of halisulfates 3

At 200 pM, halisulfates 3 and 5 seemed to be as effective as  and 5 against AmpC BER, we tested whether halisulfates also inhi-
avibactam in inhibiting the nitrocefin-hydrolyzing activity of  bit other classes of serine p-lactamases (Class A: KPC-2, Class C:
AmpC BER (Fig. 6A). To determine the inhibition mechanism and CMY-10, and Class D: 0XA-10). Among the tested enzymes, the
the equilibrium constant for inhibitor binding to the enzyme (Ki),  nitrocefin-hydrolyzing activity of CMY-10 was most noticeably
halisulfate 5 was selected as a model compound for steady-state  affected by halisulfates (Fig. 7). CMY-10 is a different type ES class
kinetics due to its somewhat higher inhibition activity compared C enzyme with a 43.3% sequence identity to AmpC BER. Consistent
to halisulfate 3 (Fig. 6A). In the presence of halisulfate 5, K and kear -~ with the inhibition pattern for AmpC BER, halisulfates 3 and 5 were
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better at inhibiting CMY-10 than halisulfate 1 (Fig. 7); the activity
of CMY-10 was reduced up to ~ 90% by halisulfates 3 and 5, which
suggest that they are efficient in inhibiting diverse class C
enzymes. In addition, it was confirmed that halisulfates 3 and 5
displayed moderate and weak inhibition activities against KPC-2
and OXA-10, respectively (Fig. 7B and C). Further studies were con-
ducted on metallo-B-lactamase, NDM-1 (Fig. 8). Although a higher
concentration of halisulfates (1 mM) was used compared to other
tests, the inhibition activities of halisulfates 3 and 5 were identified
by reducing the enzyme activities up to 30 ~ 40%. Since so far there
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Fig. 8. Percent changes in the nitrocefin-hydrolyzing activity of metallo-B-lacta-
mase NDM-1 against 1 mM halisulfates.
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is no clinically-introduced inhibitor for class B p-lactamases, it is
worth noting that halisulfates 3 and 5 inhibit class B enzymes.

4. Conclusions

Consequently, we discovered that halisulfates 3 and 5 reduced
the nitrocefin-hydrolyzing activities of KPC-2, NDM-1, AmpC BER,
CMY-10, and OXA-10. Especially, halisulfate 5 inhibits ES class C
B-lactamase AmpC BER with the K; value of 5.87 UM in a compet-
itive manner. The broad inhibition spectrum of halisulfates indi-
cates that their structural scaffold could be used to develop novel
inhibitors that can escape bacterial resistance mechanisms medi-
ated by B-lactamases. One idea for structural modification of hal-
isulfates is as follows. Halisulfates have hydrophobic properties
derived from carbon rings and chains in their structures, which
limits not only their solubility but also their inhibition activities
against B-lactamases considering the presence of many polar resi-
dues in the active site. Therefore, introducing additional hydrophi-
lic groups in the hydrophobic portions of halisulfates would be
necessary to develop innovative inhibitors targeting all classes of
B-lactamases.

5. Accession number

The coordinates and structure factors of AmpC BER have been
deposited in the Protein Data Bank with the accession code 7CIN.
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