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Abstract

Pseudomonas aeruginosa is a Gram-negative opportunistic pathogen that presents a
serious risk to immunosuppressed individuals and other extremely vulnerable patients
such as those in intensive care units. The emergence of multidrug-resistant
Pseudomonas strains has increased the need for new antipseudomonal agents. In this
study, we synthesized a series of amino group-modified aminopenicillin derivatives that
have different numbers of carboxyl groups and structurally resemble carboxypenicillin-
ureidopenicillin hybrids, and we evaluated their antipseudomonal activities. Among the
derivatives synthesized, diethylenetriaminepentaacetic acid (DTPA)-modified
amoxicillin (DTPA-Amox) showed potent antipseudomonal activity not onlyl against
the laboratory strain PAO1 but also against clinically isolated Pseudomonas strains that
were resistant to piperacillin and carbenicillin. DTPA-Amox had no obvious cytotoxic
effects on cultured mammalian cells. In addition, in an in vivo model of leukopenia,
DTPA-Amox treatment produced a moderate but statistically significant improvement
in survival of mice with P. aeruginosa strain PAO1 infection. These data suggest that
polycarboxylation by DTPA conjugation is an effective approach to enhance

antipseudomonal activity of aminopenicillins.

KEYWORDS

Antibiotics, drug resistance, Pseudomonas aeruginosa, aminopenicillin, amoxicillin
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1 INTRODUCTION
The rod-shaped Gram-negative bacterium Pseudomonas aeruginosa is a common cause
of nosocomial infections [1]. Although this bacterial agent does not usually affect
healthy people, it can multiply in any area of the body that has enough humidity to
allow colonization [2]. For example, this pathogen is the dominant cause of life-
threatening chronic lung infections in patients with cystic fibrosis [3, 4]. As an
disturbing statistic, multidrug-resistant strains were found in about 13% of these cases,
and pan-drug-resistant specimens that cannot be treated with any available
antipseudomonal antibiotics have been increasingly reported in clinical settings [5, 6].
Antimicrobial resistance has resulted in seriously limited treatment possibilities for P.
aeruginosa infections, thereby leading to a critical situation because of the 51,000
deadly healthcare infections per year in the United States [7—9]. The consequence is an
urgent need to develop novel agents with effective antipseudomonal activity [10].
Various semisynthetic penicillin antibiotics have been designed and their
antibacterial activities against P. aeruginosa have been investigated. Carbenicillin (Fig
1) is the first semisynthetic B-lactam antibiotic that showed clinically useful activity
against P. aeruginosa [11, 12]. The importance of the carboxyl group in the 6-acyl
moiety for antipseudomonal activity was proved by establishing the potent
antipseudomonal activity of ticarcillin, which is another carboxypenicillin [13].
However, to our best knowledge, the effects of the location and/or the numbers of
carboxylic acid moieties attached to penicillin were not fully elucidated. Piperacillin
(Fig 1) is another semisynthetic B-lactam antibiotic with effective antipseudomonal
activity [14]. Piperacillin is a member of the ureidopenicillin family—mostly ampicillin

derivatives in which the amino group side chain is modified to create various cyclic
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ureas [15]. Ureidopenicillin-like derivatives with an amino group side chain
modification of ampicillin derivatives have reportedly demonstrated antipseudomonal
activity [16-18].

In this study, we synthesized a series of amino group-modified aminopenicillin
derivatives that have different numbers of carboxyl groups and that structurally
resemble carboxypenicillin-ureidopenicillin hybrids (Figs 1 and 2), and we investigated
their antipseudomonal activities. Among the aminopenicillin derivatives that we
synthesized, diethylenetriaminepentaacetic acid (DTPA)-modified amoxicillin (DTPA-
Amox) had potent antipseudomonal activity that was comparable to the activity of
piperacillin against P. aeruginosa strain PAO1. Also, DTPA-Amox showed
antibacterial activity against certain clinical isolates of P. aeruginosa that were resistant
to piperacillin and carbenicillin. Our data suggest that polycarboxylation by DTPA
conjugation is an effective approach to provide aminopenicillins with antipseudomonal
activity. Thorough understanding of the mechanisms involved in polycarboxylation-
induced enhancement of such antipseudomonal activity is necessary for the

development of highly effective antipseudomonal agents.

2 MATERIALS AND METHODS

2.1 Bacterial strains, culture media, and chemicals

P. aeruginosa strain PAO1 was obtained from the National Institute of Technology and
Evaluation (Tokyo, Japan). Clinical isolates of P. aeruginosa strains NM-1 to NM-5
were a kind gift from Prof. Katsunori Yanagihara (Nagasaki University Hospital);
strains MR-1 to MR-16 were from Dr. Koichi Tanimoto (Gunma University); and

strains 808-1 and 808-2 were obtained from Kumamoto University Hospital.
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Escherichia coli BW25113 was from the National Institute of Genetics (Shizuoka,
Japan). Acinetobacter baumannii (JCM 6841) was from RIKEN BioResource Research
Center (Ibaraki, Japan). Staphylococcus aureus was purchased from the American Type
Culture Collection (Manassas, VA). All other Gram-negative (i.e., Serratia marcescens,
Klebsiella pneumoniae, Salmonella typhimurium, Proteus mirabilis) and Gram-positive
(i.e., Bacillus subtilis, Streptococcus mitis) strains used in this study were from our
laboratory stock. All bacteria except B. subtilis were grown in Luria-Bertani (LB)
medium (1% NaCl [Nacalai Tesque, Kyoto, Japan], 1% peptone [Nihon Seiyaku,
Tokyo, Japan], and 0.5% yeast extract [Oriental Yeast Co., Ltd., Tokyo, Japan]) and on
LB agar plates (1.5% agar [Nissui Pharmaceutical Co., Ltd, Tokyo, Japan]). B. subtilis
organisms were grown in brain-heart infusion (Becton Dickinson and Company,
Franklin Lakes, NJ, USA). All strains were stored at —80°C in glycerol stock until
thawed for use. Ampicillin, amoxicillin, carbenicillin, and tazobactam were purchased
from FUJIFILM Wako Pure Chemical Corporation Ltd (Osaka, Japan); piperacillin was
from Tokyo Chemical Industry Co., Ltd (Tokyo, Japan); and DTPA anhydride was
from Dojindo Laboratories (Kumamoto, Japan). For the carboxypeptidase assay, N* Nt-
diacetyl-Lys-D-Ala-D-Ala synthetic peptide (Sigma-Aldrich, St. Louis, MO, USA) was
used as a substrate, and formic acid (FUJIFILM Wako Pure Chemical Corporation Ltd)
was used to stop the reaction. For high-performance liquid chromatography (HPLC),
liquid chromatography-mass spectrometry (LC-MS), and liquid chromatography-
tandem mass spectrometry (LC-MS/MS) analyses, formic acid and acetonitrile (Kanto

Chemical Co., Inc., Tokyo, Japan) were used as the mobile phases.

2.2 Syntheses of amoxicillin derivatives
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Amoxicillin derivatives were synthesized by reacting amoxicillin with acid anhydrides
in aqueous medium: 20 mM amoxicillin was reacted with 20 mM acid anhydrides in
100 mM sodium bicarbonate buffer, pH 8.5 at 37°C for 60 min. The reaction mixtures
were subjected to preparative HPLC for purification of the amoxicillin derivatives.
Preparative HPLC was performed by using the Agilent 1260 Infinity series equipped
with a photodiode array detector and an automated fraction collector (Agilent
Technologies, Santa Clara, CA, USA). Samples (1 ml) were injected onto a YMC-Triart
C18 Plus column (4.6 x 250 mm; YMC Co., Ltd., Kyoto, Japan) at 35°C. Mobile phases
A (H20 + 0.1% formic acid) and B (acetonitrile) were used with a linear gradient of
0.2% B to 40% B for 22 min, with the gradient maintained at 40% B for 1 min, after
which the gradient was decreased to 0.2% B in 1 min, i.e., at a flow rate of 0.8 ml/min.
Amoxicillin derivatives were detected at 254 nm. Formation of amoxicillin derivatives
was confirmed by means of MS as described below. Peaks corresponding to amoxicillin
derivatives were collected by using a fraction collector, and the fractions were subjected

to lyophilization.

2.3 LC-MS and LC-MS/MS

Amoxicillin derivatives and cleaved peptides derived from the DacC reaction were
analyzed by means of LC-electrospray ionization-MS with the Agilent 6460 Triple
Quadrupole LC/MS system (Agilent Technologies). LC conditions used were as
follows: column, YMC-Triart C18 Plus column (2.1 x 50 mm) (YMC Co.) for
amoxicillin derivatives, YMC-Triart C18 Plus column (2.1 x 150 mm) (YMC Co.) for
cleaved peptides; column temperature, 45°C; injection volume, 1 pl; mobile phases: A,

H,O + 0.1% formic acid, and B, acetonitrile; gradient (B concentration), for amoxicillin
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derivatives: 0 min — 1%, 10 min — 80%, 10.1 min — 1%, 15 min — 1%; for cleaved
peptides: 0 min — 0.2%, 2 min — 0.2%, 10 min — 50%, 10.1 min — 0.2%, 15 min — 0.2%;
flow rate, 0.2 ml/min. General conditions used for electrospray ionization-MS were as
follows: nebulizer gas, nitrogen delivered at 50 psi; nebulizer gas temperature, 250°C;
capillary voltage, 3500 V; collision gas, G1 grade nitrogen (Taiyo Nippon Sanso Corp.,
Tokyo. Japan). Multiple reaction monitoring was used to quantify the analyses. The
multiple reaction monitoring parameters used for cleaved peptides were as follows:
precursor ion, 302 m/z; product ion, 213 m/z; fragmentor voltage, 90 V; collision

energy, 9 eV; polarity, positive.

2.4 Infrared (IR) spectrometry

Before measurement, all samples were kept in desiccator for 24 h with silica gel to
absorb the moisture. About 2 mg of samples (DTPA, amoxicillin, or DTPA-Amox in
powder) were placed on the small eyelet of IR spectrometer chamber (JASCO FT/IR-
67100, Jasco Corp., Tokyo, Japan). Then, FT-IR spectroscopy was performed with
attenuated total reflectance (ATR) at room temperature. The spectra were monitored

from wave number range of 4000 to 500 cm’'.

2.5 Growth inhibition assay

Bacterial strains were cultured overnight at 37°C in specified testing media. The
overnight cultures were then diluted 1000-fold into fresh media supplemented with 20
mM sodium phosphate buffer (pH 7.4) (FUJIFILM Wako Pure Chemical Corporation
Ltd) to maintain the stability of DTPA-Amox. Diluted bacterial suspensions were plated

in a 96-well flat bottom microplate (0.1 ml/well) and were treated with various
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concentrations of -lactam antibiotics in the presence or absence of 200 uM tazobactam.
After overnight incubation at 37°C, bacterial growth was determined by measuring the
optical density at 655 nm with a microplate reader (Bio-Rad, Hercules, CA, USA). The
minimal inhibitory concentration (MIC) was determined when the absorbance of the

wells were 0.035, that was identical to empty well.

2.6 Preparation of recombinant DacC

E. coli genomic DNA corresponding to dacC was obtained by using polymerase chain
reaction and the primers Sphl-dacC-F (GGGGCATGC
GCGGAACAAACCGTTGAAGC GCCGA) and Hindlll-dacC-R (GGGAAGCTT
TCATCCGCCCTCTTCCACATTTT CCATCAC). The amplified DNA fragment was
cloned into the corresponding site of pQE8OL (Qiagen, Hilden, Germany) (pQE-dacC),
and BL21(DE3)pLysS was transformed with pQE-dacC, which expressed N-terminal
His-tagged DacC. DacC was purified via the same protocol for purification of cysteine
synthase as reported previously [19]. The purified DacC concentration was measured by
means of the Bradford method (Nacalai Tesque), and the protein purity was determined

by using 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis.

2.7 Carboxypeptidase assay

Carboxypeptidase assays were carried out with the N* A*-diacetyl-Lys-D-Ala-D-Ala
peptide (substrate peptide) (Sigma-Aldrich) as a substrate [20]. The substrate peptide
(final concentration, 100 uM) was reacted with 0.03 pg/ml purified His-tagged DacC in
50 mM Tris-HCI, pH 8.5, in the presence or absence of -lactam compounds at 37°C for

30 min. Formic acid (final concentration, 0.1%) was added to the reaction mixtures to
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terminate the carboxypeptidase reactions. N*, N*-Diacetyl-Lys-D-Ala peptide (cleaved
peptide) was measured and quantified by means of LC-MS/MS analysis as described

above.

2.8 Antimicrobial susceptibility test

The MIC of clinical isolates of P. aeruginosa was determined by a broth microdilution
assay, according to Clinical and Laboratory Standard Institute (CLSI) reference
methods [21]. Antimicrobial susceptibility test of each strain was performed by means
of ready-made dry plates (DP-45) (Eiken Chemical Co., Tokyo, Japan). Plates contained
22 antimicrobial agents, including piperacillin (PIPC), tazobactam (TAZ)/PIPC,
cefepime (CFPM), ceftazidime (CAZ), CAZ/Dipicolinic acid (DPA), cefozopran
(CZOP), gentamicin (GM), minocycline (MINO), doripenem (DRPM), amikacin
(AMK), levofloxacin (LVFX), aztreonam (AZT), imipenem (IPM), IPM/DPA,
meropenem (MEPM), MEPM/DPA, colistin (CL), tobramycin (TOB), ciprofloxacin
(CPFX), sulfamethoxazole/trimethoprim (ST), sulbactam (S)/cefoperazone (C), and
fosfomycin (FOM). The bacterial cultures were adjusted with saline to a density
equivalent to 1.0 McFarland standard and 25 pl. of the suspensions were added into 12
mL of Mueller Hinton Broth (Becton Dickinson and Company). One hundred
microliters of the inoculum were added to each well (approximately 5 x10* CFU/well).

Plates were incubated for 18 h at 37°C and examined by visual observation.

2.9 Cytotoxicity assay
Human cervical cancer Hela cells and mouse colon carcinoma C26 cells were cultured

in Dulbecco’s Modified Eagle’s Medium (FUJIFILM Wako Pure Chemical Corporation
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Ltd) supplemented with 10% heat-inactivated fetal bovine serum (MP Biomedicals) and
1% penicillin-streptomycin (Nacalai Tesque) in a 5% CO, humidified incubator at
37°C. Cells were plated in 96-well plates at a density of 1.3 x 10* cells/well and were
allowed to grow overnight. Cells were then treated with DTPA-Amox (0400 pM)
overnight at 37°C. Cell viability was determined by means of the 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) assay, which is based on
the mitochondrial reduction of MTT to formazan, according to the manufacturer’s
instructions (Dojindo Laboratories). Absorbance at 570 nm was measured by using a

microplate reader (Bio-Rad).

2.10 Therapeutic effect of DTPA-Amox against P. aeruginosa infection in a
leukopenic mouse model

Four-week-old male ddY mice each weighing 18-22 g were purchased from Japan SLC
Inc. (Shizuoka, Japan) and were housed at the Center for Animal Resources and
Development, Kumamoto University. All personnel involved with the animal study
received the educational training lectures from the Animal Care and Use Committee in
Kumamoto University. All procedures were approved by the Kumamoto University
Ethics Review Committee for Animal Experimentation and were performed to
minimize the number of animals used and their suffering. The specific criteria (i.e.
convulsions, coma or acute body-weight loss of 20%) were defined in the present
experimental protocol as humane endpoints to determine whether animals should be
euthanized. Leukopenia was induced by means of an intraperitoneal injection of 250
mg/kg cyclophosphamide (Sigma-Aldrich) at 4 days before the bacterial infection,

according to previous literature [21]. Food intake was stopped 1 day before infection
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and was allowed to resume 1 h after infection. Leukopenic mice received an
intraperitoneal inoculum of P. aeruginosa strain PAOT1: 0.1 ml (5 x 10° CFU). At 10
and 60 min after infection, mice received intraperitoneal injections of 0.1 ml (20 or 50
mg/kg) of DTPA-Amox. The survival rate of the mice was monitored for 72 hours after
the bacterial infection at every 2-h interval. However, 23 of 26 mice died before
induction of apparent symptoms as the criteria for euthanasia. Survival curves were
constructed by using the Kaplan-Meier method, and statistical significance was
analyzed via the log-rank (Mantel-Cox) test with GraphPad Prism 7.0 (GraphPad

Software, La Jolla, CA, USA).

3 RESULTS

3.1 Syntheses of amino group-modified amoxicillin derivatives

We synthesized a series of amoxicillin derivatives by reacting amoxicillin with acid
anhydrides in aqueous media. Fig 2 provides the chemical structures of the derivatives
obtained in this study. Purities and identities of the derivatives were confirmed by
means of HPLC and MS (S1-7 Fig). Because DTPA anhydride possesses two
anhydride moieties, reaction of amoxicillin with DTPA anhydride resulted in the
tormation of DTPA-Amox and DTPA-[Amox]; (Fig 3A). DTPA-Amox and DTPA-
[Amox]; were purified from the crude reaction mixture by using reverse-phase HPLC,
which resulted in a single peak with a purity higher than 98% (Fig 3B-D; S7 Fig). The
yields of amoxicillin derivatives on the basis of amoxicillin were determined to be 94%,
91%, 88%, 65%, and 41%, for Ac-Amox, SA-Amox, MA-Amox, GA-Amox, TML-

Amox, and DTPA-Amox, respectively.
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As shown in S8 Fig, the strong absorption peak that assigned to the > C=0
stretching of B-lactam ring at 1776 cm™!, aromatic ring (C = C, 1616 cm™!), and > C=0
stretching of -COOH group at 1582 ¢cm™!, all corresponded to amoxicillin were
identified [23]. The DTPA-Amox showed a strong and broad absorption spectrum at
1500-1700 cm' which indicate the clear evidence of amide bond between DTPA and
Amoxicillin. Moreover, the > C=0 stretching of B-lactam ring was identified in DTPA-
Amox conjugate that suggest the stable -lactam ring in the conjugate. These data
further support the conjugation of DTPA on amino group of amoxicillin to form amide
bond.

We found that pH greatly affected the stability of DTPA-Amox in aqueous media
(S9 Fig). DTPA-Amox decomposed spontaneously during incubation at 37°C when it
was dissolved in H2O or 0.1% formic acid (S9 Fig). DTPA-Amox was stable, however,
during incubation in sodium phosphate buffer with a pH of 7.4. As an important
finding, we observed enhanced antibacterial activity of DTPA-Amox when the pH of
the LB medium was adjusted to 7.4 with sodium phosphate buffer compared with LB
medium without the pH adjustment (S9 Fig). Therefore, additional studies were

conducted with LB medium at pH 7.4, adjusted by using the sodium phosphate buffer.

3.2 Antipseudomonal activities of amino group-modified amoxicillin derivatives
Piperacillin and carbenicillin were used as representative semisynthetic
antipseudomonal -lactams. Piperacillin showed potent antibacterial activity against the
P. aeruginosa strain PAO1 even in the absence of tazobactam (Fig 4). Carbenicillin,
however, completely suppressed PAO1 strain growth in the presence of tazobactam,

whereas carbenicillin alone incompletely inhibited bacterial growth.
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Consistent with previous reports [24], native amoxicillin failed to inhibit the
growth of PAO1 (Fig. 4) but in the presence of tazobactam, native amoxicillin dose-
dependently inhibited PAO1 strain growth, with complete inhibition at 200 uM. An
interesting finding is that all amoxicillin derivatives synthesized in this study showed
stronger antipseudomonal activities compared with native amoxicillin both in the
absence and presence of tazobactam. Among the derivatives, maleated Amox (MA-
Amox) and DTPA-Amox demonstrated the most potent inhibition of the growth of
PAOL1 in the absence of tazobactam (Fig 4). Anti-pseudomonal activity of DTPA-Amox
in the presence of tazobactam was determined on the basis of MIC, and found to be one-
half and equivalent to those of existing anti-psecudomonal agents piperacillin and
carbenicillin, respectively, against P. aeruginosa PAO1. DTPA alone demonstrated no
antipseudomonal activity with or without tazobactam. In addition, a 1:1 mixture of free
DTPA and native amoxicillin showed similar effects on PAO1 growth as that found for
native amoxicillin. These data suggest that direct conjugation of DTPA to the amino
group of amoxicillin is necessary for the enhancement of the antipseudomonal activity
that was observed for DTPA-Amox. Similar to DTPA-Amox, DTPA-conjugated
ampicillin showed superior antipseudomonal activity compared with parental ampicillin
(S10 Fig). The antibacterial effects of DTPA-[Amox]; against P. aeruginosa (Fig. 4)
and other Gram-negative rods such as £. coli and S. typhimurium (data not shown),
however, were weaker than those of DTPA-Amox. Therefore, we used DTPA-Amox
the next experiments.

We then studied the antibacterial activities of amoxicillin derivatives against
clinical isolates of P. aeruginosa. As shown in Supplementary Table 1, almost all

clinical isolates showed resistance against all types of antimicrobials including
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carbapenems, cephems, aminoglycosides, fosfomycin, tetracycline, and others.
Carbapenem and cephem sensitivities were markedly recovered in the presence of
dipicolinic acid, a metallo-f-lactamase (MBL) inhibitor, indicating that clinical isolates
used in this study expressed MBLs. Fig 5 illustrates the effects of amoxicillin
derivatives synthesized in this study against clinical isolate MR13 as a representative
data. The growth of the clinical isolate MR 13 was inhibited when 200 uM piperacillin
was added in the absence or presence of tazobactam. This result suggests that the
clinical isolate MR 13 was more resistant than the PAO1 strain to piperacillin treatment.
MR13 was completely resistant to carbenicillin, succinylated Amox (SA-Amox),
acetylated Amox (Ac-Amox), and MA-Amox even in the presence of tazobactam. In
contrast, DTPA-Amox alone showed potent antibacterial activity against MR13. Table
1 summarizes the sensitivities of P. aeruginosa clinical isolates to piperacillin or
DTPA-Amox in the absence and presence of tazobactam. In the absence of tazobactam,
16 of 23 strains were resistant to both piperacillin and DTPA-Amox. Addition of
tazobactam potentiated the antipseudomonal activities of piperacillin and DTPA-Amox
against clinical isolates, although 9 isolates, as indicated by shaded cells in Table 1,
were resistant to piperacillin (minimum inhibitory concentration, >200 uM). DTPA-
Amox showed superior antibacterial activities compared with piperacillin against those
clinical isolates (Table 1). These data suggest that polycarboxylation that was achieved
by DTPA conjugation to aminopenicillins can enhance antipseudomonal activity,
especially for treatment of clinically isolated P. aeruginosa strains that were resistant to
piperacillin. It is also important to note that DTPA-Amox itself showed effective

bacterial killing against some clinical isolates such as NM4, NM5, and MR13. These
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data may suggest that DTPA-Amox may be resistance against MBL-dependent

degradation. Further study is needed to clarify this point.

3.3 Inhibition of penicillin-binding proteins by DTPA-Amox

The antibacterial mode of action of B-lactams relies on the ability of these agents to
inhibit penicillin-binding proteins (PBPs). We studied the effects of DTPA conjugation
to amoxicillin on the inhibition of PBPs. DacC (PBP6) cloned from E. coli (Ec-PBP6)
was used as a model enzyme (S11 Fig). Enzyme activity was determined from the
carboxypeptidase reaction that was monitored by detecting cleavage of the synthetic
peptidyl substrate containing the D-Ala-D-Ala moiety (Fig 6A) [20]. The cleaved
peptide formed from the reaction was detected and quantitated by means of MS/MS
(Fig 6B). Addition of DTPA-Amox or native amoxicillin markedly inhibited the
formation of the cleaved peptide released during the reaction (Fig 6C). A dose-response
study suggested that DTPA-Amox can inhibit DacC to almost the same extent as native
amoxicillin (Fig 6D). ICsp values were determined from the plotted figure to be 1.8 and
2.5 uM for amoxicillin and DTPA-Amox, respectively. DTPA alone, however, did not
affect the reaction (Fig 6D). These data suggest that DTPA-Amox can inhibit the
carboxypeptidase PBP activity, which may be attributed to the antipseudomonal activity

of DTPA-Amox.

3.4 Antibacterial spectrum of DTPA-Amox
We then used Gram-negative and Gram-positive bacteria to investigate the effects of
DTPA conjugation to amoxicillin on the antibacterial spectrum. As Fig. 7 illustrates, the

effects of DTPA conjugation to amoxicillin differed depending on the bacteria. DTPA-
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amoxicillin conjugation weakened the antibacterial activity against certain Gram-
negative rods including E. coli, S. marcescens, P. mirabilis, and S. typhimurium.
Antibacterial activities against K. pneumoniae, A. baumannii, and S. aureus were not
affected by DTPA conjugation. DTPA conjugation slightly enhanced the antibacterial

effects against B. subtilis and S. mitis.

3.5 Effects of DTPA-Amox on mammalian cell viability

We evaluated the cytotoxicity of DTPA-Amox to mammalian cells in vitro. Two
mammalian cell lines—human cervical cancer HelLa cells and mouse colon carcinoma
C26 cells—were treated overnight with DTPA-Amox, and cell viability was determined
by means of the MTT assay. As seen in Fig. 8, DTPA-Amox treatment did not have
significant cytotoxic effects on these cells at concentrations up to 400 pM. As noted
earlier, DTPA-Amox potently suppressed P. aeruginosa growth at concentrations less
than 200 uM (Figs 4 and 5 and Table 1), which indicates that DTPA can be used to treat

P. aeruginosa infections of mammalian cells.

3.6 Therapeutic effects of DTPA-Amox on P. aeruginosa infection in a mouse
model of leukopenia

Immunocompromised patients, including cancer patients, are highly susceptible to
bacterial infections caused by antibiotic-resistant Gram-negative bacteria such as P.
aeruginosa |25-28]. The DNA-alkylating agent cyclophosphamide-induced leukopenic
mouse has been used as an immunosuppressed host model for in vivo infection with P.
aeruginosa [22]. To develop the in vivo model for DTPA-Amox chemotherapy, we

treated ddY mice with an intraperitoneal injection of cyclophosphamide (250 mg/kg) 4
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days before infection, as Fig 9A shows. We injected the PAOT1 strain intraperitoneally
into this leukopenic model and monitored the survival rate. To determine whether
DTPA-Amox treatment was effective in vivo, mice were given DTPA-Amox (20 or 50
mg/kg) at 10 and 60 min after the bacterial challenge. In the present experimental
setting, all mice in the phosphate-buffered saline (PBS) control group died within 32
hours after the intraperitoneal PAO]1 infection (Fig 9B). Although DTPA-Amox
treatment at 20 mg/kg tended to prolong the survival rate, no statistically significant
difference in survival rate was found compared with the control group (p = 0.7141). In
the group given the 50 mg/kg DTPA-Amox treatment, the survival rate was moderately
but significantly improved (Fig 9B, p = 0.0395 versus the PAO1 + PBS group). Three
of nine mice seemed to be cured by this treatment protocol at the end of experiment (72
hours), by which time they manifested fine coats and no apparent symptoms such as
shivering and convulsions. Our in vivo experiment indicated that DTPA-Amox
produced antipseudomonal activity in vive and protected mice from the PAOT infection.
This finding suggests a therapeutic potential of DTPA-Amox against P. aeruginosa

infection in immunocompromised patients.

4 DISCUSSION

Treatment of ampicillin and amoxicillin with acetic anhydride in slightly alkaline media
at room temperature has reportedly led to complete and instantaneous acetylation of
their amino groups [29-31]. This reaction is utilized to acetylate aminopenicillins
before imidazole- or 1,2,4-triazole-mercury(II) chloride-mediated derivatization of these
antibiotics for spectrophotometric determination [29-31]. In this study, we used a series

of acid anhydrides to modify the amino group of amoxicillin. Similar to acetic
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anhydride, acid anhydrides used here readily reacted with amoxicillin in a
stoichiometric manner to form corresponding amino group-modified amoxicillin
derivatives (Fig 2). In the reaction of DTPA anhydride with amoxicillin, both DTPA-
Amox and DTPA-modified amoxicillin dimer (DTPA-[Amox]>) were formed (Fig 3A).
Because DTPA-[Amox]; exhibited very weak antibacterial activity compared with
DTPA-Amox, we studied the antibacterial actions of DTPA-Amox in greater detail
here. DTPA monoanhydride is currently not commercially available; hence,
development of a synthetic method to generate DTPA monoanhydride may facilitate
large-scale production of DTPA-Amox.

To our knowledge, this report is the first to demonstrate that introduction of
carboxyl groups into aminopenicillins through amino group modifications via acid
anhydrides markedly improved antipseudomonal activity. Our data are consistent with
previous findings that amino group modifications of aminopenicillins enhanced
antipseudomonal activity [14, 16, 18, 32-35]. A noteworthy finding is that among the
derivatives synthesized in this study, DTPA-Amox had potent antipseudomonal activity
against clinical isolates of P. aeruginosa that were resistant to piperacillin and
carbenicillin (Fig 5, Table 1).

P. aeruginosa is an opportunistic human pathogen associated with an ever-
widening array of life-threatening acute and chronic infections, including ventilator-
associated pneumonia, urinary tract infections, bone and joint infections, bacteremia,
systemic infections, and infections associated with cystic fibrosis, otitis externa, and
burn and wound injuries [6, 36—38]. Nosocomial infections caused by P. aeruginosa
have become a healthcare concern, mainly because of the high level of resistance to

several antibiotics [39]. P. aeruginosa can develop resistance—a combination of
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intrinsic, acquired, and/or adaptive resistance—to a wide range of antibiotics [6, 36-38].
The inducible expression of AmpC, a -lactamase that degrades and inactivates [3-
lactam antibiotics, is involved in the intrinsic resistance of P. aeruginosa to
aminopenicillins and cephalosporins, because these molecules induce the expression of
this f-lactamase [41]. Consistent with previous reports, the P. aeruginosa strain PAO1
used here was resistant to ampicillin and amoxicillin (Fig 4 and S9 Fig). Addition of the
B-lactamase inhibitor tazobactam at high concentration (200 uM; 60 pg/ml) moderately
enhanced the antipseudomonal actions of those aminopenicillins, which suggests that 3-
lactamase (i.e., AmpC)-mediated inactivation may function, at least in part, in the
resistance of P. aeruginosa to those aminopenicillins under the current experimental
conditions. In contrast to aminopenicillins, piperacillin was found to possess low AmpC
inducer activity [40]. As a consistent result, the antipseudomonal activity of piperacillin
was apparently not affected by the addition of tazobactam. We also found that the
antipseudomonal activities of MA-Amox and DTPA-Amox were not affected by the
addition of tazobactam (Fig 4). This finding may suggest that MA and DTPA
modifications weaken the AmpC inducer activity of aminopenicillins, similar to actions
of piperacillin and other amino group-modified aminopenicillins such as apalcillin [42].
Carbenicillin was classified as having intermediate inducer activity [42]. We observed a
moderate enhancing effect of tazobactam on antipseudomonal activities of carbenicillin
and SA-Amox (Fig 4), which suggests that SA-Amox may behave as an intermediate
AmpC inducer.

Although both carbenicillin and piperacillin show potent antipseudomonal
activity, the antibacterial effects on other Gram-negative bacteria differ from each other.

For example, piperacillin had antibacterial activity against Klebsiella and Serratia
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species, whereas carbenicillin was ineffective [14, 43]. In this study, we found that
DTPA conjugation markedly enhanced the antipseudomonal activity of
aminopenicillins. However, DTPA-Amox showed no antibacterial activity against S.
marcescens and K. pneumonia (Fig 7). Also as an important result, we found that
DTPA-Amox had antibacterial activity against certain clinical isolates of P. aeruginosa
that were resistant to piperacillin and carbenicillin (Fig 5, Table 1). These observations
suggest that DTPA conjugation can provide unique antipseudomonal activity not simply
because of amino group modifications or the introduction of a carboxyl group.

Patients who become neutropenic as the result of either underlying malignancy or
treatment with immunosuppressive agents are highly prone to P. aeruginosa infections
[25-28]. To study the therapeutic effects of DTPA-Amox on such disease conditions,
we used a cyclophosphamide-induced mouse model of leukopenia [22, 44]. Challenge
of these leukopenic mice by intraperitoneal P. aeruginosa injections have reportedly
caused sepsis because of an acute systemic infection, which led to the death of mice
within 1-3 days after infection [22, 45, 46]. Under the current experimental conditions,
all untreated mice died within 32 hours after infection (Fig 9). Statistically significant
protection was observed when mice were treated with DTPA-Amox at a dose of 50
mg/kg (Fig 9). Although this finding suggests the therapeutic potential of DTPA-Amox,
additional studies are needed to develop more successful treatments, and to determine
the effects of administration routes, dosages, and combinations with other type of
antibiotics.

In summary, we demonstrated that polycarboxylation of aminopenicillins can be
achieved by reacting the amino groups of the aminopenicillins with acid anhydrides. We

found that DTPA conjugation effectively produced potent antipseudomonal activity for
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aminopenicillin-based B-lactams. It is noteworthy that DTPA-Amox was found to
possess antibacterial effects against P. aeruginosa clinical isolates that were resistant
against almost all types of antimicrobial agents. The different sensitivities observed for
piperacillin and DTPA-Amox for clinical isolates of P. aeruginosa warrant continued
investigation of the mechanisms involved in the enhancement of antipseudomonal

activity by polycarboxylation.
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Figure Legends

Fig 1. Development of carboxypenicillin-ureidopenicillin hybrids by introduction
of carboxyl groups into the amino acid side chains of ampicillin derivatives. R2, -H

(ampicillin); -OH (amoxicillin).

Fig 2. Chemical structures of amoxicillin and its amino group-modified derivatives

synthesized in this study.

Fig 3. Synthesis and characterization of DTPA-Amox. A, Synthetic pathway. B,
Reverse-phase HPL.C chromatogram for the reaction mixture of amoxicillin and DTPA
anhydride. DTPA-Amox and DTPA-[Amox], were eluted in Fraction 1 (Fr. 1; DTPA-
Amox) and Fraction 2 (Fr. 2; DTPA-[Amox]2) and were collected for lyophilization. C,
Reverse-phase HPL.C chromatogram of purified DTPA-Amox. D, Mass chromatogram
of purified DTPA-Amox.

Fig 4. Antipseudomonal effects of piperacillin, carbenicillin, amoxicillin, and

amino group-modified amoxicillin derivatives against P. aeruginosa PAO1. The P
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aeruginosa strain PAO1 was cultured overnight at 37°C in the presence of the indicated
concentrations of antibiotics in LB medium with the pH adjusted to 7.4. Bacterial
growth was determined by measuring turbidity at 655 nm absorbance. Data are means +

SD (n = 3).

Fig. 5 Antipseudomonal effects of piperacillin, carbenicillin, and amoxicillin
derivatives synthesized in this study against P. aeruginosa clinical isolate MR13
strain. The MR13 P, aeruginosa clinical isolate was cultured overnight at 37°C in the
presence of the indicated concentrations of antibiotics in LB medium, pH 7.4. Bacterial
growth was determined by measuring turbidity at 655 nm absorbance. Data are means +

SD (n = 3).

Fig 6. Inhibitory effects of DTPA-Amox on the carboxypeptidase activity of DacC.
A, DacC-mediated cleavage of the D-Ala-D-Ala-containing peptide. The cleaved peptide
can be quantitated by means of LC-MS/MS. Multiple reaction monitoring (MRM) of
cleaved peptides derived from the DacC reaction (B,C). D, Effects of amoxicillin,
DTPA-Amox, and DTPA on DacC-mediated cleavage of synthetic peptide. The DacC
reaction was carried out in the presence of the indicated concentrations of additives.

Data are means + SD (n = 3).

Fig 7. Antibacterial spectra of amoxicillin and DTPA-Amox. Bacteria were cultured
overnight at 37°C in the presence of the indicated concentrations of amoxicillin or
DTPA-Amox, in pH-adjusted media. Bacterial growth was determined by measuring

turbidity at 655 nm absorbance. Data are means = SD (n = 3).

Fig. 8. Cytotoxicity of DTPA-Amox. Viability of HeLa cells (A) and C26 cells (B)
treated overnight with the indicated concentrations of DTPA-Amox. The MTT assay

was utilized to determine viability. Data are means = SD (n = 3).

Fig. 9. Therapeutic effect of DTPA-Amox on P. aeruginosa infection in a mouse
model of leukopenia. A, Time line of the in vivo treatment. B, Mice received
intraperitoneal injections of cyclophosphamide (Cy; 250 mg/kg) and were then infected
with P. aeruginosa strain PAO1 (5 x 10° CFU). At 10 and 60 min after infection, mice
received intraperitoneal injections of PBS (controls), 20 mg/kg DTPA-Amox, or 50

mg/kg DTPA-Amox. Survival of the mice was monitored for 72 hours after the
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infection. PAO1 + PBS group n = 8; PAO1 + DTPA-Amox treatment groups n = 9. *p
<0.05.

Supplementary Figure Legends

S1 Fig. Characterization of Ac-Amox. A, Reverse-phase HPLC chromatogram. B,

Mass chromatogram.

S2 Fig. Characterization of SA-Amox. A, Reverse-phase HPLC chromatogram. B,

Mass chromatogram.

S3 Fig. Characterization of MA-Amox. A, Reverse-phase HPLC chromatogram. B,

Mass chromatogram.

S4 Fig. Characterization of glutarated Amox (GA-Amox). A, Reverse-phase HPLC

chromatogram. B, Mass chromatogram.

S5 Fig. Characterization of trimellitated Amox (TML-Amox). A, Reverse-phase

HPLC chromatogram. B, Mass chromatogram.

S6 Fig. Characterization of DTPA-conjugated ampicillin (DTPA-Amp). A, Reverse-
phase HPLC chromatogram. B, Mass chromatogram.

S7 Fig. Characterization of DTPA-[Amox]2. A, Reverse-phase HPLC chromatogram.

B, Mass chromatogram.
S8 Fig. Infrared spectra of amoxicillin, DTPA-Amox, and DTPA.

S9 Fig. Effects of culture medium pH on the stability and antibacterial activities of
amoxicillin and DTPA-Amox. A, Stability of DTPA-Amox in different media. DTPA-
Amox was dissolved in HO, 0.1% formic acid, or 50 mM sodium phosphate buffer (pH
7.4), followed by incubation at 37°C for 2.5 or 4.5 hours. DTPA-Amox remaining in the
medium was quantitated by means of HPLC. Antibacterial activities of native
amoxicillin (B) and DTPA-Amox (C) against . coli. LB medium was used without pH
adjustment (pH 6.5) or with pH adjusted with sodium phosphate buffer (NaPB) to pH
7.4. Bacterial growth was determined by measuring turbidity at 655 nm absorbance

after overnight culture. Data are means = SD (n = 3).
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S10 Fig. Antipseudomonal effects of (A) ampicillin and (B) DTPA-conjugated
ampicillin. P aeruginosa strain PAO1 was cultured overnight at 37°C in the presence of
the indicated concentrations of antibiotics in LB medium at pH 7.4. Bacterial growth
was determined by measuring turbidity at 655 nm absorbance. Data are means = SD (»

=13).

S11 Fig. Purification of recombinant DacC by using nickel-nitrilotriacetic acid
agarose affinity chromatography. A lysate of E. coli cells expressing DacC was
subjected to nickel-nitrilotriacetic acid agarose affinity chromatography purification.
Protein contents in each fraction were analyzed by means of sodium dodecyl sulfate-
polyacrylamide gel electrophoresis with Coomassie Brilliant Blue staining. Sup,
supernatant; FT, flow through; E1-4, elution by imidazole-containing buffer at 50 mM
(E1), 100 mM (E2), 200 mM (E3), or 300 mM (E4).
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818  Table 1. Minimum inhibitory concentrations (uM) of piperacillin and DTPA-Amox

819  for P. aeruginosa clinical isolates.

Strain Pip DTPA-Amox  Pip/Tazo DTPA-
Amox/Tazo
PAOI1 12.5 25 12.5 23
NMI 200 > 200 200 > 200
NM2 50 200 50 25
NM3 200 200 200 200
NM4 > 200 25 > 200 25
NMS5 > 200 50 > 200 50
MRI1 > 200 > 200 > 200 50
MR2 > 200 200 > 200 100
MR3 > 200 > 200 > 200 200
MR4 > 200 > 200 > 200 23
MRS5S > 200 > 200 > 200 50
MR6 > 200 > 200 200 50
MR7 25 100 25 23
MRS 25 200 25 100
MR9 > 200 > 200 > 200 50
MRI10 > 200 > 200 50 25
MRI11 > 200 > 200 200 200
MRI12 > 200 > 200 50 50
MRI13 100 25 100 25
MR14 > 200 > 200 100 100
MRI5 > 200 > 200 > 200 50
MRI16 > 200 > 200 50 100
808#1 > 200 > 200 100 50
808#2 > 200 > 200 100 100

820  Pip, piperacillin; Tazo, tazobactam; DTPA-Amox, DTPA-conjugated amoxicillin.

821
822
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Fig 1. Development of carboxypenicillin-ureidopenicillin hybrids by introduction

of carboxyl groups into the amino acid side chains of ampicillin derivatives. R2, -H

(ampicillin); -OH (amoxicillin).
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Reverse-phase HPLC chromatogram for the reaction mixture of amoxicillin and DTPA

anhydride. DTPA-Amox and DTPA-[Amox]> were eluted in Fraction 1 (Fr. 1; DTPA-

Amox) and Fraction 2 (Fr. 2; DTPA-[Amox];) and were collected for lyophilization. C,

Reverse-phase HPLC chromatogram of purified DTPA-Amox. D, Mass chromatogram

of purified DTPA-Amox.
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Fig 4. Antipseudomonal effects of piperacillin, carbenicillin, amoxicillin, and

amino group-modified amoxicillin derivatives against P. aeruginosa PAO1. The P

aeruginosa strain PAO1 was cultured overnight at 37°C in the presence of the indicated

concentrations of antibiotics in LB medium with the pH adjusted to 7.4. Bacterial

growth was determined by measuring turbidity at 655 nm absorbance. Data are means +

SD (n=3).
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Fig. 5 Antipseudomonal effects of piperacillin, carbenicillin, and amoxicillin
derivatives synthesized in this study against P. aeruginosa clinical isolate MR13
strain. The MR13 P, aeruginosa clinical isolate was cultured overnight at 37°C in the
presence of the indicated concentrations of antibiotics in LB medium, pH 7.4. Bacterial

growth was determined by measuring turbidity at 655 nm absorbance. Data are means +

SD (n=3).



861
862

863
864
8695
866
867
868
869

870

A B C
AcLys(Ac) Cleaved peptide Cleaved peptide
MRM (302.0-> 213.0) MRM (302.0-> 213.0)
DacC
D-Ala
! I2 < 10°counts I2 % 105 counts
D-Ala
l DacC DacC
+ substrate + substrate
AcLys(Ac) + D-Ala
D-;Lla Substrate alone + DTPA-Amox
11 1
LC-MS/MS DacC alone + Amoxicillin

0 3 6 O 12 15
Time (min)

0o 3 6 9 12

Time (min)

15

=)

Cleaved peptide (% remaining)

140

38

-0~ Amoxicillin
-8 DTPA-AmMOX
-4 DTPA

o 5 10 15 20 25
Concentration (uM)

Fig 6. Inhibitory effects of DTPA-Amox on the carboxypeptidase activity of DacC.

A, DacC-mediated cleavage of the D-Ala-D-Ala-containing peptide. The cleaved peptide

can be quantitated by means of LC-MS/MS. Multiple reaction monitoring (MRM) of

cleaved peptides derived from the DacC reaction (B,C). D, Effects of amoxicillin,

DTPA-Amox, and DTPA on DacC-mediated cleavage of synthetic peptide. The DacC

reaction was carried out in the presence of the indicated concentrations of additives.

Data are means + SD (n = 3).
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Fig 7. Antibacterial spectra of amoxicillin and DTPA-Amox. Bacteria were cultured

overnight at 37°C in the presence of the indicated concentrations of amoxicillin or

DTPA-Amox, in pH-adjusted media. Bacterial growth was determined by measuring

turbidity at 655 nm absorbance. Data are means + SD (n = 3).
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Fig. 9. Therapeutic effect of DTPA-Amox on P. aeruginosa infection in a mouse
model of leukopenia. A, Time line of the in vivo treatment. B, Mice received
intraperitoneal injections of cyclophosphamide (Cy; 250 mg/kg) and were then infected
with P. aeruginosa strain PAO1 (5 x 10° CFU). At 10 and 60 min after infection, mice
received intraperitoneal injections of PBS (controls), 20 mg/kg DTPA-Amox, or 50
mg/kg DTPA-Amox. Survival of the mice was monitored for 72 hours after the
infection. PAO1 + PBS group n = 8; PAO1 + DTPA-Amox treatment groups n = 9. *p
< 0.05.
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S9 Fig. Effects of culture medium pH on the stability and antibacterial activities of amoxicillin
and DTPA-Amox. A, Stability of DTPA-Amox in different media. DTPA-Amox was dissolved in
H>0, 0.1% formic acid, or 50 mM sodium phosphate buffer (pH 7.4), followed by incubation at 37°C
for 2.5 or 4.5 hours. DTPA-Amox remaining in the medium was quantitated by means of HPLC.
Antibacterial activities of native amoxicillin (B) and DTPA-Amox (C) against E. coli. LB medium
was used without pH adjustment (pH 6.5) or with pH adjusted with sodium phosphate buffer (NaPB)
to pH 7.4. Bacterial growth was determined by measuring turbidity at 655 nm absorbance after

overnight culture. Data are means + SD (n = 3).
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S10 Fig. Antipseudomonal effects of (A) ampicillin and (B) DTPA-conjugated ampicillin. 2.
aeruginosa strain PAOT was cultured overnight at 37°C in the presence of the indicated concentrations
of antibiotics in LB medium at pH 7.4. Bacterial growth was determined by measuring turbidity at

655 nm absorbance. Data are means + SD (n = 3).



