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ABSTRACT OF THE DISSERTATION 
 

BIOSYNTHESIS AND TRANSPORT OF THE ARSENIC-CONTAINING 

ANTIBIOTIC ARSINOTHRICIN (AST) 

by 
 

Patience Ngozi Paul 
 

Florida International University, (2023) 

Miami, Florida 

Professor Masafumi Yoshinaga, Co-Major Professor 

Professor Barry Rosen, Co-Major Professor 

Arsenicals are one of the oldest treatments for a variety of human disorders. 

Although infamous for its toxicity, arsenic is paradoxically a therapeutic agent that 

has been used since ancient times for the treatment of multiple diseases. In the 

1970s, arsenic trioxide (ATO), the active ingredient in a traditional Chinese 

medicine, was shown to produce dramatic remission of acute promyelocytic 

leukemia (APL) similar to the effect of all-trans retinoic acid (ATRA). The discovery 

of the pentavalent arsenic-containing antibiotic arsinothricin (AST), which is 

effective against multidrug-resistant pathogens, illustrates the future potential of 

this new class of organoarsenical antibiotics. The goal of this dissertation is to 

identify the AST biosynthetic pathway and the mechanism of transport of AST and 

related compounds into and out of the cells of bacteria. In the first study, three 

genes, arsQML, in an arsenic resistance operon were shown to be a biosynthetic 

gene cluster responsible for synthesis of AST and its precursor, 

hydroxyarsinothricin (2-amino-4-(dihydroxyarsinoyl) butanoate or AST-OH). The 
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arsL gene product is a noncanonical radical S-adenosylmethionine (SAM) enzyme 

that is predicted to transfer the 3-amino-3-carboxypropyl (ACP) group from SAM 

to the arsenic atom in inorganic arsenite, forming the reduced trivalent form of 

AST-OH (R-AST-OH), which is methylated by the arsM gene product, an arsenic 

SAM methyltransferase, to produce the reduced trivalent form of AST (R-AST). 

ArsQ is an efflux permease that was proposed to transport AST or related species 

out of the cells. In a follow-up study, B. gladioli arsQ was expressed in Escherichia 

coli and shown to confer resistance to AST and related arsenicals. Cells of E. coli 

expressing arsQ transport R-AST-OH and R-AST, with little transport of their 

pentavalent forms. Transport is independent of cellular energy and appears to be 

equilibrative. A structural homology model of ArsQ suggests that Ser320 is in the 

substrate binding site. A S320A mutant exhibits reduced R-AST-OH transport, 

suggesting that it plays a role in ArsQ function. The ArsQ permease is proposed 

to be an energy-independent uniporter responsible for downhill transport of the 

trivalent form of AST out of cells, which is oxidized extracellularly to the active form 

of the antibiotic. 
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CHAPTER 1: ARSENIC IN MEDICINE: PAST, PRESENT AND FUTURE 
 
 
1.1 Abstract 

Arsenicals are among the oldest treatments for a variety of human disorders. 

Although infamous for its toxicity, arsenic is paradoxically a therapeutic agent 

that has been used since ancient times for the treatment of multiple diseases. 

The use of most arsenic-based drugs was abandoned with the discovery of 

antibiotics in the 1940s, but a few remained in use such as those for the 

treatment of trypanosomiasis. In the 1970s, arsenic trioxide, the active ingredient 

in a traditional Chinese medicine, was shown to produce dramatic remission of 

acute promyelocytic leukemia similar to the effect of all-trans retinoic acid. Since 

then, there has been a renewed interest in the clinical use of arsenicals. Here I 

review the ancient and modern medicinal uses of inorganic and organic 

arsenicals. Included are antimicrobial, antiviral, antiparasitic and anticancer 

applications. In the face of increasing antibiotic resistance and the emergence 

of deadly pathogens such as the severe acute respiratory syndrome coronavirus 

2 (SARS-CoV-2), we propose revisiting arsenicals with proven efficacy to 

combat emerging pathogens. Current advances in science and technology can 

be employed to design newer arsenical drugs with high therapeutic index. These 

novel arsenicals can be used in combination with existing drugs or serve as 

valuable alternatives in the fight against cancer and emerging pathogens. The 

discovery of the pentavalent arsenic-containing antibiotic arsinothricin (AST), 
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which is effective against multidrug resistant pathogens, illustrates the future 

potential of this new class of organoarsenical antibiotics. 

Keywords Arsenic · Metalloids · Metallodrugs · Anticancer drugs · Antivirals · 

Antimicrobials  

1.2 Introduction  

1.2.1 History of arsenic in medicine 

Here I review the history and present use of arsenicals in medicine. The origin of 

the name “arsenic” traces back to the Greek word “arsenikon” meaning “potent” 

(Jollife 1993; Hoonjan et al. 2018). Arsenic was known empirically as a potent 

medicinal agent as early as 2000 BC (Fig. 1), when arsenic trioxide (ATO, As2O3, 

also known as white arsenic) (Fig. 2A) obtained from copper smelting was used 

as both a drug and a poison (Jollife 1993). Orpiment (As2S3, yellow arsenic) and 

realgar, (As4S4, red arsenic) (Fig. 2B), described as early as the 4th Century BC 

by the Greek philosopher Aristotle (384–322 BC), were the earliest arsenic 

minerals in recorded history (Fig.  1) (Gorby 1988; Bentley and Chasteen 2002). 

Although arsenic-containing minerals were known in antiquity, it was not until 1250 

that elemental arsenic was conclusively identified by the German alchemist 

Albertus Magnus (1193–1280) 

(https://pubchem.ncbi.nlm.nih.gov/element/Arsenic). History is rife with stories of 

arsenic used as a poison for both royalty and commoners. Odorless and tasteless 

ATO has been used as a poison for millennia due to its availability and low cost 

https://pubchem.ncbi.nlm.nih.gov/element/Arsenic
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(Jollife 1993; Hoonjan et al. 2018; Gorby 1988; Hughes et al. 2011). One of the 

earliest recorded cases of arsenic poisoning was in the year 55 AD, when the fifth 

Roman emperor Nero ordered the poisoning of his 13-year-old stepbrother 

Britannicus to secure his Roman throne (Jollife 1993; Gorby 1988; Bentley and 

Chasteen 2002; Doyle 2009). Pope Alexander VI (1431–1503), a member of the 

Borgia family, one of the most eminent dynasties of the Italian Renaissance, used 

the infamous powder called cantarella, which is widely believed to have consisted 

mainly of arsenic, to murder cardinals for their property and wealth (Gorby 1988). 

A well-known example of arsenic poisoning is “The Affair of the Poisons” in the 

French court of Louis XIV, where Catherine Deshayes provided the arsenic-based 

poison La Poudre de Succession or “inheritance powder” to women to help them 

rid themselves of their husbands (Gorby 1988; Bentley and Chasteen 2002). The 

inheritance powder continued to be popular in France until the nineteenth century, 

when it became the most favorite poison, as recorded by early forensic 

toxicologists (Gorby 1988). The incidence of arsenic poisoning dramatically waned 

after the advent of the Marsh test, a sensitive forensic test for arsenic developed 

in 1836 by the English chemist James Marsh (Gorby 1988; Hughes et al. 2011).  

 

Behind its inglorious history as a poison, however, arsenic has an even more 

prestigious history as a pharmaceutical agent. Arsenic has been in use as 

therapeutics since ancient times in the Greek and Roman civilizations, as well 

as in Chinese and Indian traditional medicine (Doyle 2009). Hippocrates (460–

377 BC), the Greek physician, often referred to as the Father of Medicine, is 
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thought to have administered the arsenic minerals orpiment and realgar as 

escharotics and remedies for ulcers and abscesses (Fig. 1) (Jollife 1993; 

Hoonjan et al. 2018; Hughes et al. 2011; Bentley and Chasteen 2002; Waxman 

and Anderson 2001; Zhu et al. 2002; Riethmiller 2005). Aristotle and the Roman 

author Pliny the Elder (23–79 AD) both wrote on the medicinal properties of 

arsenicals (Fig. 1) (Jollife 1993; Gorby 1988). The Greek physician Galen (129–

210 AD) recommended the use of arsenic sulfide to treat ulcers (Jollife 1993; 

Riethmiller 2005). The first book on Chinese traditional medicine, Shen Nong 

Ben Cao Jing, compiled in the Eastern Han dynasty (25–220 AD), traces the use 

of arsenic in traditional Chinese medicine as far back as 200 BC (Fig. 1) (Liu 

et al. 2008), which agrees with the fact that the Chinese Nei Jing Treaty (263 

BC) recorded the use of arsenic pills for treatment of periodic fever (Hoonjan 

et al. 2018; Zhu et al. 2002; Chen and Chen 2017). Sun Si-Miao (581–682 AD), 

a Chinese physician called China’s King of Medicine, used a combination of 

realgar, orpiment and ATO for treatment of malaria (Hoonjan et al. 2018; Zhu et 

al. 2002; Chen and Chen 2017). Shi Zhen Li (1518–1593 AD), a Chinese 

physician in the Ming dynasty, wrote Ben Cao Gang Mu, or Compendium of 

Materia Medical, a major pharmacopoeia in Chinese history, where he described 

the use of ATO as a remedy for various diseases (Zhu et al. 2002; Chen and 

Chen 2017; Gibaud and Jaouen 2010). In traditional Indian medicine, the three 

main arsenicals used in Ayurveda, an alternative system of medicine originating 

from the ancient Indian subcontinent several thousand years ago, are orpiment, 

realgar and ATO (Panda and Hazra 2012). In Arabia, Avicenna (980–1037 AD), 
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a Persian physician, introduced the internal use of ATO for the treatment of 

fevers (Zhu et al. 2002). Paracelsus (1493–1541 AD), a Swiss physician 

recognized as the Father of Toxicology and Pharmacology, is known to have 

used elemental arsenic extensively (Fig. 1) (Jollife 1993; Hoonjan et al. 2018; 

Gorby 1988; Waxman and Anderson 2001; Zhu et al. 2002; Borzelleca 2000). 

He advocated for the use of minerals and chemicals, including arsenic, in 

medicine, emphasizing that the dosage makes the difference between a drug 

and a poison. In 1786 Thomas Fowler (1736–1801 AD), a British physician and 

pharmacist, reported the effects of a favored solution of 1% potassium arsenite   

named “liquor mineralis” for malaria, remittent fevers, and periodic headaches 

(Fig. 1). This medicine, renamed “Fowler’s solution”, once introduced into the 

London Pharmacopoeia in 1809, became popular in Western countries 

throughout the Victorian Era as a main therapeutic option for a wide variety of 

ailments and diseases, including asthma, chorea, eczema, psoriasis, 

rheumatism, syphilis, tuberculosis and ulcers (Jollife 1993; Hoonjan et al. 2018; 

Gorby 1988; Hughes et al. 2011; Bent ley and Chasteen 2002; Doyle 2009; 

Waxman and Anderson 2001; Zhu et al. 2002; Gibaud and Jaouen 2010; 

Thomas and Troncy 2009).  

 

There is some concern over the present-day use of arsenicals in traditional 

medicine (Ernst 2002), leading to evaluation of the bioavailability of arsenic 

species in their prescriptions. In Indian traditional ayurvedic medicine, for 

example, a special subset of herbal medicines called Rasa Shastra involves 
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intentional use of toxic elements including arsenic, which are believed to be 

converted into non-toxic forms called bhasmas via the preparation procedures. 

However, the bioaccessibility of arsenic in several traditional Indian medicines 

was suggested to lead to accumulation of arsenic above the acceptable daily 

limit if consumed at recommended doses (Koch et al. 2011). More recently a 

similar concern was raised about some traditional Chinese medicines (Liu et al. 

2018). To exploit the full potential of arsenic as medicine, therefore, further 

evaluation is required to develop regulations for the proper dosage of arsenic 

containing traditional medicines.  

Applications of arsenicals extend beyond drugs and poisons. They have been 

used in agriculture, metallurgy, cosmetics, electronics semiconductors, and 

other industries (Bentley and Chasteen 2002). Monosodium methylarsenate 

(MSMA) and sodium dimethylarsenate (cacodylate) have been used as post-

emergent herbicides on cotton fields and other non-food crops (Matteson et al. 

2014). Although banned for general use by the US Environmental Protection 

Agency (EPA), MSMA is still in limited use in the United States for cotton fields, 

new golf courses and highway medians, and it is still applied as an herbicide on 

rice, cotton, fruit trees and coffee in Asian countries. 
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Fig 1: Milestones of the use and development of arsenicals in medicine 
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Fig 2: Chemical structure of arsenicals 
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1.3 Inorganic and organic arsenic‑containing drugs  

1.3.1 Development of arsenical drugs  

In the modern era, the use of arsenicals as drugs has alternated between 

successes and failures. As described below, arsenical drugs can be generally 

grouped into inorganic, for example, ATO (Fig. 2A), and organic compounds, 

such as atoxyl (p-aminophenylarsenate or p-arsanilic acid (p-ASA)) (Fig.  2U). 

Atoxyl, the first effective artificial organoarsenic drug, was synthesized by the 

French scientist Antoine Béchamp (1816–1908 AD), in 1859 by heating a mixture 

of aniline and arsenic acid (Fig.  1) (Riethmiller 2005; Gibaud and Jaouen 2010). 

Its clinical effectiveness was not demonstrated until some forty years later, when 

the physicians Canadian Harold W. Thomas (1875–1931 AD) and Australian 

Anton Breinl (1880–1944 AD) at the Liverpool School of Tropical Medicine first 

used it in 1905 to treat human trypanosomiasis (Fig.  1) (Jollife 1993; Gibaud and 

Jaouen 2010). Although it causes optic atrophy due to its high arsenic content 

(Jollife 1993), the trypanocidal effects of Béchamp’s atoxyl inspired Paul Ehrlich 

(1854–1915), the German Nobel Laureate known as the Father of 

Chemotherapy, to initiate an extensive synthesis of organic arsenicals to find a 

drug against the syphilis spirochaete (Jollife 1993). Arsphenamine was the 606th 

aromatic arsenical he synthesized in 1910 (Fig.  1). Compound 606 was later 

called the magic bullet Salvarsan, the first effective chemotherapeutic drug for 

the treatment of syphilis (Jollife 1993; Gorby 1988; Hughes et al. 2011; Bentley 

and Chasteen 2002). The composition of Salvarsan was a question of debate for 
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almost a century. In 2005, Nicholas and colleagues provided evidence based on 

electrospray ionization mass spectrometric data that Salvarsan in solution exists 

as cyclic species (RA)n, with n=3 (Fig.  2O) and n=5 (Fig. 2P) (Lloyd et al. 2005). 

Like atoxyl, however, Salvarsan treatment was lengthy, and the side effects 

unpleasant. Less toxic derivatives such as neoarsphenamine (Neosalvarsan) 

(Fig. 2Q) and oxophenarsine hydrochloride (Mapharsen) (Fig. 2R) made 

treatment more bearable (Jollife 1993; Bentley and Chasteen 2002; Gibaud and 

Jaouen 2010). Ehrlich’s work with Salvarsan ushered in the modern era of 

chemotherapy.  

1.3.2. Arsenical anticancer chemotherapeutic agents  

1.3.2.1 Arsenic trioxide (ATO)  

Arsenicals have a long history of use as cancer chemotherapeutic agents. ATO 

(Fig. 2A) was a favorite compound in traditional ancient Chinese medicine for over 

2000 years (Bentley and Chasteen 2002). ATO is an amphoteric oxide that readily 

dissolves in alkaline solutions. It was originally made from orpiment by roasting 

and purifying the smoke (Gibaud and Jaouen 2010). In 1878, the related 

formulation, Fowler’s solution, was found to be effective for the treatment of 

leukemia, and, in addition, Fowler pastes were applied topically potentially for the 

treatment of skin and breast cancers (Hoonjan et al. 2018; Hughes et al. 2011; 

Waxman and Anderson 2001; Gibaud and Jaouen 2010). Arsenic therapy was the 

mainstay of antileukemia treatment until the advent of radiation therapy in the early 

twentieth century (Hoonjan, et al. 2018; Waxman and Anderson 2001). Despite its 
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toxicity, arsenic remained in use in traditional Chinese medicine (Bentley and 

Chasteen 2002). Taking inspiration from this traditional medicine, investigators at 

Harbin Medical University showed that a solution of ATO produced complete 

remission of acute promyelocytic leukemia (APL) in about two-thirds of patients in 

the 1970s (Fig.  1) (Zhu et al. 2002; Chen and Chen 2017). The ATO used in those 

clinical studies contained trace amounts of mercury, so it was possible that the 

anticancer effects were due to mercury rather than arsenic. Clinical trials with pure 

ATO began in 1994, and, by 1996, its effectiveness was confirmed in other 

countries. In 2003 ATO, marketed as Trisenox®, was approved by the U.S. Food 

and Drug Administration (FDA) for treatment of APL refractory to all-trans retinoic 

acid (ATRA) (Gibaud and Jaouen 2010). The revival of ATO for treatment of APL 

and other specific hematological malignancies has sparked renewed interest in 

arsenic-based drugs (Hoonjan et al. 2018; Hughes et al. 2011; Gibaud and Jaouen 

2010). 

 

Since ATO was approved as an effective drug for clinical treatment of 

hematological malignancies, including APL and multiple myeloma, its 

mechanism as anticancer agent has been under active investigation. The 

mechanism of action of ATO is not clear, and there are a number of potential 

targets. Like most trivalent arsenicals, it has the potential to bind to thiols in 

metabolites such as glutathione, vicinal thiol pairs in lipoamide and in proteins 

such as lipoamide dehydrogenase, inhibiting cellular energy production and 

increasing production of intracellular reactive oxygen species (ROS) (Carney 
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2008; Emadi and Gore 2010). ATO treatment results in demethylation of DNA, 

affecting the promoters of many genes and also binds to 

oncoproteins/transcription factors (Emadi and Gore 2010; Dawood et al. 2018; 

Huynh et al. 2019). These alterations affect multiple cellular processes in a 

variety of cancers, resulting in cell cycle arrest, apoptosis and mesenchymal to 

epithelial transition through a variety of molecular targets (Chen et al. 1997; Bao 

et al. 2016; Miller et al. 2002; Shao et al. 1998). The final outcome depends on 

the cell type as well as the concentrations of administration and duration of ATO 

exposure (Chen et al. 1997).  

 

However, those are rather nonspecific effects of ATO and do not explain its 

selective ability to treat APL. APL is characterized by chromosomal translocation 

t(15;17) (q24;q21), which produces a fusion promyelocytic leukemia  (PML) 

protein-retinoic acid receptor alpha (RARα) gene that is found in over 98% of 

patients (Borrow et al. 1990; de Thé et al. 1990; Golomb et al. 1980). The PML-

RARα fusion gene consists of the PML gene on chromosome 15 and the RARα 

gene on chromosome 17. The production of the PML-RARα oncoprotein alters 

myeloid differentiation at the promyelocytic stage, leading to accumulation of 

immature cells (Grisolano et al. 1997). In addition, PML-RARα increases cell 

survival and increases proliferation of leukemic cells, resulting in progressive 

leukemogenesis (Grignani et al. 1993; Pandolf 2001; Puccetti and Ruthardt 

2004). PML-RARα appears to be a target of ATO, which binds to the PML-RARα 

oncoprotein in NB4 cells, a human APL cell line, and alters SUMOylation of the 
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PML moiety, leading to protein degradation (Zhang et al. 2010). Although the 

effect of ATO on the PML-RARα leukemic stem cells appears to be mainly 

through inhibition of proliferation (Testa and Lo-Coco 2015), this PML-RARα 

degradation is also thought to induce apoptosis or differentiation to myeloid cells, 

leading to a decrease in leukemic cells (Zhang et al. 2010; Rojewski et al. 2002). 

Another putative target of ATO is the Wip1 phosphatase. ATO has been reported 

to activate the Chk2 and/or p38 MAPK apoptotic pathways in various chronic 

myelogenous leukemia cells (Giafs et al. 2006; Shim et al. 2002; Verma et al. 

2002) as well as APL cells (Yoda et al. 2008) by inhibiting Wip1 phosphatase 

activity. Since expression of Wip1 is amplified in a number of cancers, including 

breast, papillary thyroid, colorectal and prostate cancers and other types 

(Emelyanov and Bulavin 2015; Li et al. 2002; Natrajan et al. 2009), ATO is 

potentially a therapeutic agent for other tumor types.  

 

ATO may also be a treatment for other forms of leukemia via its function as a pro-

oxidant factor, disrupting redox pathways in cancer cells. The combination of ATO 

with ascorbate (vitamin C), a dietary antioxidant that also possesses pro-oxidant 

activity in high concentrations (Kaźmierczak-Barańska et al. 2020), selectively 

killed blasts from APL patients and was also effective against approximately one-

third of primary acute myeloid leukemia (AML) samples examined, presumably 

due to apoptosis induced by overproduction of ROS (Noguera et al. 2017). This 

pro-oxidant activity provides a rationale for testing the combination of ATO and 

ascorbate in advanced cases of AML and APL (Noguera et al. 2017).  
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Pin1, the peptidyl-prolyl cis–trans isomerase NIMA (never in mitosis A)-interacting 

1, has been reported to be another target of ATO, enhancing its anti-cancer effects 

against multiple tumor types (Kozono et al. 2018). Pin1 is a major regulator of 

cancer signaling networks. It catalyzes cis–trans isomerization at phosphorylated 

Ser/Thr–Pro motifs, resulting in changes of protein conformation, function and 

stability, which in turn activates numerous cancer-driving pathways. Pin1 is 

overexpressed in various cancers and cancer stem cells (Ayala et al. 2003; Bao 

et al. 2004; Luo et al. 2015; Rustighi et al. 2014; Wulf et al. 2004) and involved in 

regulation of more than 50 oncogenes and 20 tumor suppressor factors (Lu and 

Hunter 2014; Zhou and Lu 2016). ATO inhibits Pin1 via direct and noncovalent 

binding to the active site, inducing degradation of Pin1. Interestingly, the 

anticancer effects of ATO are indirectly enhanced by co-treatment with ATRA, 

another well-known Pin1 inhibitor, which increases cellular ATO uptake via 

induction of aquaporin-9 (AQP9) expression, in addition to directly inhibiting and 

degrading Pin1 (Kozono et al. 2018).  

 

However, a higher dose of ATO is required for the treatment of solid tumors 

compared to soft tumor hematologic malignancies, which raises concerns about 

toxicity. Methods to effectively deliver ATO to the cells without the accompanying 

toxicity are under development. For example, liposomal-encapsulated ATO 

delivered to HeLa cells, which are derived from human papillomavirus (HPV)-

cervical carcinoma, effectively reduced levels of HPV-E6 proteins and induced 
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apoptosis with reduced toxicity compared to free ATO. Encapsulation of ATO 

using this liposomal nanotechnology was shown to decrease membrane 

permeability to ATO by allowing its gradual release (Wang et al. 2016). The 

O’Halloran group developed a nanoparticulate formulation of ATO encapsulated 

in “nanobins” (liposomal vesicles) (Chen et al. 2006). The cytotoxicity of the 

encapsulated ATO was evaluated against a panel of human breast cancer cell 

lines and was found to be much less compared to the free ATO. In contrast, the 

nanobins potentiated the antitumor efficacy of ATO in vivo in an orthotopic model 

of triple-negative breast cancer (Ahn et al. 2010). The group has also developed 

a synthesis method that combines ATO and cisplatin (cis-

diamminedichloroplatinum(II)), a compound commonly used in the treatment of 

solid tumors, to form a stable aqueous complex, arsenoplatin, having a distinct 

biological activity from ATO and cisplatin individually (Miodragović et al. 2013). 

Arsenoplatin can be loaded in liposomal drug delivery systems and has been 

shown to possess significant biological activity against several cancer cell lines. 

When compared to cisplatin, it showed greater activity in breast, leukemia, colon, 

and central nervous system cancer cell lines (Miodragović et al. 2019). Other 

systems have been investigated for the effective delivery of arsonium 

compounds in cancer therapeutics, such as the triphenylarsonium-functionalised 

gold nanoparticles (Lalwani et al. 2015). The gold nanoparticles are decorated 

with the triphenylarsonium groups to serve as potential nanocarriers for 

intracellular therapeutics. The development of delivery systems for slow dosing 
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with arsenical drugs can modulate toxicity, significantly expanding medical 

applications of arsenic.  

1.3.2.2 Realgar  

Another form of inorganic arsenic, realgar (As4S4, red arsenic) (Fig. 2B), has been 

used as a therapeutic agent since the days of ancient China (Wu et al. 2011). 

Inspired by nano-drug, lately, realgar nano particles (an average particle size of 

<100 nm) have been employed in studies rather than coarse realgar. This 

approach is adopted to overcome the problem of limited solubility of realgar 

particles in aqueous solutions, and to increase their bioavailability (Shi et al. 2016). 

Several in vitro studies demonstrated that realgar nanoparticles significantly 

decreased cell proliferation and promoted apoptosis in B16 melanoma cells (Zhao 

et al. 2010) and rat C6 glioma cells (An et al. 2011). Furthermore, in tumor bearing 

C57BL/6 mice, transdermal delivery of the realgar nanoparticles markedly 

decreased the tumor volumes with little toxicity to the mice (Zhao et al. 2010). 

Recently the effect of realgar nanoparticles was compared with ATO against 

several multiple myeloma cell lines and primary cell lines from multiple myeloma 

patients (Cholujova et al. 2017). The realgar nanoparticles were prepared by 

milling realgar into nano-sized dimensions under high energy. Both forms of 

inorganic arsenic were cytotoxic, but the realgar nanoparticles were two- to four-

fold more effective than ATO in the cell lines, xenograft and multiple myeloma 

patient-derived myeloma mouse models. Mechanistic studies showed that the 

effects of the realgar nanoparticles and ATO on the multiple myeloma models 
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included pronounced apoptosis and G2/M cell cycle arrest. In this study, realgar 

nanoparticles but not ATO could significantly deplete the amount and 

clonogenicity of multiple myeloma stem-like side population in bone marrow 

stromal cells. Also, there was synergistic anti-multiple myeloma activity when 

realgar and ATO were combined with lenalidomide or melphalan, both of which 

have been approved for treatment of multiple myeloma. In an attempt to increase 

the uptake of realgar and prolong the retention time in cancer cells, (-)-

epigallocatechin-3-gallate (EGCG), another natural medicine that inhibits cancer 

cell growth, was used as a drug carrier to encapsulate realgar nanoparticles (Fang 

et al. 2019). Compared with realgar nanoparticles, the EGCG-realgar 

nanoparticles significantly inhibited the proliferation of APL HL-60 cells. In 

subcutaneous solid tumor model mice, EGCG-realgar nanoparticles decreased 

tumor volumes at an inhibitory rate of 60.18% at a dose of 70 mg/kg. More 

recently, the effect of realgar nanoparticles on lung cancer stem cells was also 

examined. The nano-realgar was shown to inhibit tumor growth both in vitro and 

in vivo by repressing metabolic reprogramming via downregulation of HIF-1α 

expression and PI3K/Akt/mTOR pathway (Yang et al. 2021).  

1.3.2.3 Organoarsenicals  

Organic arsenicals are under current examination for potential therapeutic use. 

Several synthetic organoarsenicals were tested for antitumor activity against HL-

60 (leukemia), SGC 7901 (gastric cancer) and MCF-7 (breast cancer) human 

cancer cell lines (Fan et al. 2016). 2-(((4-(oxoarsanyl)phenyl)imino)methyl)phenol 
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(C13H10AsNO2) (Fig.  2C) and 2-methoxy-4-(((4-(oxoarsanyl)phenyl)imino)methyl) 

phenol (C14H12AsNO3) (Fig. 2D) exhibited the highest growth inhibition of HL-60 

cells, with IC50 values of 0.77 μM and 0.51 μM, respectively. Both induced 

apoptosis via oxidative stress in HL-60 cells (Fan et al. 2016). Another 

organoarsenical that is being evaluated for the treatment of solid tumors is the 

glutathione conjugate of dimethylarsenite, darinaparsin (L-γ glutamyl-S-

(dimethylarsino)-L-cysteinyl-glycine) (Fig.  2E). The injectable form of 

darinaparsin, SP 02L, is currently in phase 2 clinical trial in patients with relapsed 

or refractory peripheral T-cell lymphoma 

(https://clinicaltrials.gov/ct2/show/NCT02653976). Analysis of data from two phase 

1 clinical trials in Japan and Korea showed that darinaparsin has good potential 

efficacy and high safety profile (Ogura et al. 2021). A related glutathione conjugate, 

4-(N-(S-glutathionylacetyl)amino) phenylarsenoxide or GSAO (Fig. 2F), is in 

phase 1 clinical trial in patients with advanced solid tumors (Horsley et al. 2013). 

It is noteworthy that darinaparsin (Darvias®), the DMAs(III)-glutathione conjugate, 

has been approved in Japan as a novel mitochondrial-targeted anticancer agent 

for the treatment of relapsed or refractory peripheral T-cell lymphoma in 2022 

(Frampton JE 2022), after this review article was published.  

1.3.2.4 Polyorganoarsenicals  

Another class of organoarsenicals with potential clinical value is polyarsenicals. 

The first reported is arsenicin A (2,4,6-trioxa-1,3,5,7-tetrarsatricyclo [3.3.1.13,7] 

decane) (C3H6As4O3) (Fig.  2G), a natural product isolated from Echinochalina 

https://clinicaltrials.gov/ct2/show/NCT02653976
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bargibanti, a marine sponge belonging to the class Demospongiae (Mancini et al. 

2006). Arsenicin A has both antibiotic and anti-APL leukemia activity. It has a cage-

like structure similar to the carbon structure in the diamond backbone adamantane 

((CH)4(CH2)6), in which the four methanetriyl carbon bridgeheads are replaced by 

arsenic and three methylene bridges are replaced by oxygen (Lu et al. 2012, 

2010). The anti-proliferative activity of arsenicin A was examined in the PML 

RARα-positive APL cell line NB4 (Lu et al. 2012). Arsenicin A exhibits a 21-fold 

greater anti-proliferative activity compared to ATO in NB4 cells. Using flow 

cytometry, arsenicin A was shown to induce cell death at a 27-fold lower 

concentration (IC50=53 nM) compared with ATO (IC50 = 1440 nM), and proliferative 

arrest at 20 nM compared with 790 nM for ATO (Lu et al. 2012).  

 

Five arsenicin A analogs were synthesized, and their activity was evaluated in vitro 

against a full panel of human cancer cell lines from the National Cancer Institute 

(NCI-USA) (Mancini et al. 2017). Three of these compounds, designated 

compound 2 (9,10-dimethyl-2,4,6,8-tetraoxa-1,3,5,7,-

tetraarsatricyclo[3.3.1.13,7]decane) (C4H8As4O4) (Fig.  2H), compound 3 

(2,4,6,8-tetraoxa-1,3,5,7-tetraarsa-adamantane) (C2H4As4O4) (Fig.  2I), and 

compound 5 (an isomer of Arsenicin A) (Fig. 2J), showed significantly higher 

cytotoxicity against the various cancer cell lines than ATO. Compound 2 was 

particularly effective in inhibiting growth of solid tumor cell lines of colon cancer, 

melanoma, ovarian cancer, renal cancer, prostate cancer, and breast cancer. Two 

sulfur containing derivatives, arsenicin B and arsenicin C, also possess antibiotic 
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activity against human pathogens. Although less potent than arsenicin A against 

leukemia cells, these sulfur-containing polyarsenicals have especially potent 

antimicrobial activity against Staphylococcus aureus, a major human pathogen 

with growing resistance to conventional antibiotics (Tähtinen et al. 2018). These 

findings lend new perspectives on the development and use of 

polyorganoarsenicals as therapeutics.  

1.3.3 Arsenical antiparasitic agents  

Tryparsamide (p-glycineamidophenylarsonate) (Fig.  2K), developed by Walter 

A. Jacobs and Michael Heidelberger at the Rockefeller University in 1919, is 

acknowledged as the first effective arsenical therapeutic agent against Gambian 

sleeping sickness. That disease is the slow-progressing form of human African 

trypanosomiasis (HAT) and is caused by Trypanosoma brucei gambiense, which 

is endemic in western and central Africa, especially in the late stage of the 

infection (e.g. neurological stage through central nervous system invasion) 

(Gibaud and Jaouen 2010). Although this drug was widely used from the early 

1920’s, its use waned in the 1940’s due to the spread of resistant strains. In the 

1940s, Ernst A. H. Friedheim improved the treatment of trypanosomiasis with 

the introduction of melaminophenyl arsenicals (Fig. 1), although toxicity was still 

reported (Gibaud and Jaouen 2010). Melarsen (4-(4,6-diamino-1,3,5-triazin-2-

yl)amino]phenylarsenate) (Fig. 2L), the first melaminophenyl arsenical that 

Friedheim synthesized in 1939, was less active than tryparsamide. In contrast, 

melarsen oxide (Fig. 2M), the reduced form of melarsen and the first trivalent 
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organoarsenical used against trypanosomes, was very effective against both 

early (hemolymphatic) and late (neurologic) stages, yet it exhibited high toxicity 

(Friedheim 1948). Friedeim combined dimercaprol or BAL (British anti-Lewisite), 

the counteract compound for Lewisite, the trivalent organoarsenical-based 

chemical weapon first used in World War I (Peters et al. 1945), with melarsen 

oxide to produce the drug melarsoprol (MelB or arsobal) (Fig.  2N) (Friedheim 

1949). Melarsoprol is 100-fold less cytotoxic and 2.5-fold less trypanocidal 

compared with melarsen oxide (Fairlamb and Horn 2018). It was introduced into 

clinical use in 1949 for use in African countries to treat Gambian sleeping 

sickness. Melarsoprol can cross the blood–brain barrier (Sekhon 2013). 

However, a serious side effect of melarsoprol is reactive encephalopathy, which 

occurs in about 10% of patients (Blum et al. 2001; Pepin and Milord 1991). Even 

so, its ability to cross the blood–brain barrier into the cerebrospinal fluid made it 

especially useful for treatment of second stage Gambian sleeping sickness, 

when the trypanosome enters the central nervous system (Colotti et al. 2018; 

Rodgers et al. 2011). Given the absence of effective alternatives, the World 

Health Organization (WHO) recommends its use as the only chemotherapeutic 

for the second stage of the faster-progressing form of human African 

trypanosomiasis caused by Trypanosoma brucei rhodesiense, which is more 

common in southern and eastern Africa (Büscher et al. 2017). Melarsoprol is a 

prodrug, and the active form of the drug is melarsen oxide (Fig.  2M). This 

trivalent form of melarsen (Fig. 2L) can be detected in cerebrospinal fluid 1 h 

after injection (Keiser et al. 2000). Melarsoprol is rapidly broken down mainly into 
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melarsen oxide, perhaps enzymatically (Fair lamb and Horn 2018). As a trivalent 

organoarsenical, melarsen oxide has high affinity for thiols and forms a stable 

adduct with the parasite’s alternative to glutathione, trypanothione. Reduction of 

free cytosolic trypanothione inhibits trypanothione reductase, the parasite 

enzyme that contributes to cytosolic redox balance (Cunningham et al. 1994; 

Fairlamb et al. 1989). In addition, melarsen oxide causes rapid lysis of 

Trypanosoma brucei in vitro (Van Schaftingen et al. 1987). P2 adenosine 

transporter (TbAT1) (Carter and Fairlamb 1993; Mäser et al. 1999) and 

aquaglyceroporin 2 (TbAQP2) (Alsford et al. 2012; Baker et al. 2012) are shown 

to be involved in cellular uptake of melarsoprol in T. brucei. Beginning in the 

1990s, resistance to melarsoprol became widespread (Brun et al. 2001). 

Melarsoprol resistance in clinical isolates (Graf et al. 2013; Pyana Pati et al. 

2014) is predominantly related to mutations in the parasite Tbaqp2 gene 

(Munday et al. 2015). Mutations in this aquaglyceroporin, which is involved in 

uptake of melarsoprol, include deletions (Baker et al. 2012) or rearrangements 

with Tbaqp3 to form a chimeric aqp2-3 gene (Munday et al. 2014). Resistance 

to melarsoprol in human African trypanosomiasis patients has led to a decrease 

in the use of this arsenical drug (Fairlamb and Horn 2018). With the development 

of newer drugs and antibiotics, interest in arsenic-based drugs gradually waned 

mainly due to their low therapeutic index.  
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1.3.4 Antiviral arsenic agents  

In addition to the use of arsenicals for control of pathogens and as cancer 

chemotherapeutics, their potential as antiviral agents are also under investigation. 

ATO has been shown to inhibit Hepatitis C Virus (HCV) replication at sub 

micromolar concentrations (Hwang et al. 2004). The concentrations that gave 50% 

inhibition of replication (EC50) without causing cellular cytotoxicity are 0.35 and 

<0.2 µM, when determined by a reporter-based HCV replication assay and by RT-

qPCR analysis, respectively. The anti-HCV activity of ATO was also demonstrated 

using an engineered cell line-based assay system that constitutes all steps in the 

full cycle of HCV infection and replication, where ATO at 0.3 µM abolished the HCV 

signal, while high concentrations of interferon-α, an antiviral cytokine used for the 

treatment of chronic hepatitis C, only minimally suppressed the viral signal. In a 

follow-up study, treatment of HCV-infected cells with 1 µM ATO, which effectively 

inhibited the HCV RNA replication without exhibiting cytotoxicity, led to depletion 

of intracellular glutathione and an increase in superoxide anion radicals (Kuroki 

et al. 2009). The anti-HCV activity of ATO was inhibited in the presence of N-

acetylcysteine, an antioxidant and glutathione precursor. These results suggest 

that ATO exerts its effect against HCV by modulating the intracellular glutathione 

redox system and oxidative stress. These findings demonstrate the potential of 

ATO for the development of potent antiviral agents against HCV and related 

viruses.  

 



24 
 

Viral latency has been recognized as the major source of viral rebound in human 

immunodeficiency virus-1 (HIV-1) infections after discontinuation of antiretroviral 

therapy (ART) (Siliciano and Siliciano 2000). There is, therefore, a need to 

render the latent HIV-1 susceptible to eradication. One way to provide drug 

access is by reactivation of viral replication. ATO has been reported to activate 

latent HIV-1 in the Jurkat T cell line in a process that involves the nuclear factor 

kappa B (NF-κB) signaling pathway (Wang et al. 2013). Similarly, inorganic 

sodium arsenite was shown to reactivate gene expression and viral replication 

of the latent genome of herpes simplex virus type 1 (HSV1) (Preston and Nicholl 

2008). These results suggest that inorganic arsenicals may be able to enhance 

ART. Recently the ability of ATO in combination with ART to regulate viral 

reservoirs in primary CD4+T lymphocytes of HIV-1-infected patients and simian 

immunodeficiency virus (SIV)-infected Chinese rhesus macaques was 

examined (Yang et al. 2019). ATO significantly increased the levels of cell-

associated RNAs in resting CD4+T cells from both HIV-1-infected patients and 

SIV-infected macaques in a dose-dependent manner. Using chronically SIV-

infected macaques, ATO in combination with ART delayed viral rebound, 

decreased SIV integrated DNA in CD4+T cells and restored CD4+T cell counts 

in vivo. In contrast, there was a rebound in the control group treated with ART 

alone in an average interval of 22 days after discontinuation of therapy. 

Furthermore, SIV specific immune responses against the multiple SIV antigens 

increased after treatment with ATO. The use of ATO as a latency-reversing 

agent (LRA) in combination with combined ART (cART) is currently under 
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investigation in a clinical trial (“The Effect of ATO on Eliminating HIV-1 Reservoir 

Combined with cART” 2019). https://clinicaltrials.gov/ct2/show/NCT03980665 

 

ATO has been reported to exhibit potent inhibition of human adenovirus infection 

in vitro (Hofmann et al. 2020). PML nuclear bodies, otherwise referred to as PML 

oncogenic domains, are interferon (IFN)-inducible nuclear structures that 

participate in cellular processes including apoptosis, senescence and antiviral 

defense. Infection with human adenovirus reorganizes the dot-like PML nuclear 

bodies into track-like structures, impairing their function. This aberrant PML 

nuclear body phenotype is observed in acute PML cells. In vitro treatment of APL 

cells with ATO at micromolar concentrations produced significant anti-adenovirus 

activity. This activity was partly due to the ability of ATO to induce oxidation of PML 

nuclear bodies before multimerization by the virus, reconstituting the usual dot-like 

structure and restoring the antiviral function of PML nuclear bodies in the cells of 

APL patients’ cells (Hofmann et al. 2020).  

 

The effectiveness of arsenic-based drugs in virus associated cancers has also 

been reported (Kchour et al. 2013). In patients with human T-cell leukemia virus 

type 1 (HTLV-1) associated adult T-cell leukemia/lymphoma (ATL), ATO in 

combination with IFN-α and zidovudine, an FDA-approved nucleoside reverse-

transcriptase inhibitor (NRTI) class antiretroviral drug, improved the cytokine gene 

expression profile by a shift from an initial immunosuppressive-like state (Treg (T 

regulatory)/(Th2 phenotype)) to an immunocompetent-like state (Th1 phenotype) 

https://clinicaltrials.gov/ct2/show/NCT03980665
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after 30 days of treatment. This shift is possibly the result of the enhanced immune 

response leading to eradication of ATL cells and control of infections caused by 

opportunistic pathogens. These results support suggestions on the use of ATO to 

treat immune disorders (Wang et al. 2019; An et al. 2020).  

 

Epstein–Barr virus (EBV), the first identified human oncogenic virus, is 

associated with various malignancies, including carcinomas (e.g., 

nasopharyngeal carcinoma) and lymphomas (e.g., Burkitt’s lymphoma). In a 

study of the role of PML nuclear bodies in EBV latency, treatment with low dose 

ATO disrupted PML nuclear bodies, leading to induction of EBV lytic proteins 

and increased susceptibility of the virus to ganciclovir, an approved FDA drug 

for the treatment of EBV-associated disorders (Sides et al. 2013). Low 

concentrations of ATO (0.5—2 nM) were shown to inhibit expression of EBV lytic 

genes Zta, Rta and BMRF1, promoting cell death in various EBV-positive latency 

cells (Mutu, Akata, BX-1, Cl13 and JY) in a dose-dependent manner. A 

synergistic effect was observed with ganciclovir, specifically in EBV-positive 

cells. These effects were reversed in the presence of a proteasome inhibitor, 

which suggests that ATO-mediated inhibition of EBV lytic genes occurs via the 

ubiquitin pathway, promoting ubiquitin conjugation and proteasomal degradation 

of EBV genes (Yin et al. 2017). Induction of cell death by ATO was also observed 

in P3HR1 cells, another EBV-positive latency cell line, yet it occurs via 

autophagy. With this cell line, treatment with sodium arsenite also leads to cell 

death but via a different mechanism, caspase-dependent apoptosis (Zebboudj 
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et al. 2014). These results demonstrate that ATO and sodium arsenite have the 

potential to be therapeutic agents for EBV-associated lymphoma. 

 

A recent in silico study identified darinaparsin (Fig. 2E) as a potent inhibitor of 

the RNA-dependent RNA polymerases of SARS-CoV-2. The drug inhibited the 

3C-like protease and papain-like protease that are necessary for formation of 

the viral replication complex (Chowdhury et al. 2020). These results suggest 

that, in addition to its anticancer activity (Bansal et al. 2015; Mann et al. 2009; 

Tian et al. 2012), darinaparsin has the potential to be repurposed against the 

novel coronavirus that is responsible for the current global pandemic. 

 

1.3.5 Arsenical natural products as antibiotics  

Selman Waksman, the Russian-Ukrainian-born American microbiologist, defined 

the term ‘antibiotic’ as “a chemical substance, produced by microorganisms, which 

has the capacity to inhibit the growth of and even to destroy bacteria and other 

microorganisms”’ (Waksman 1947). In 1952, Waksman was awarded the Nobel 

Prize in Physiology or Medicine for his discovery of the aminoglycoside antibiotic 

streptomycin, a natural product produced by the soil bacterium Streptomyces 

griseus that gave the organism a growth advantage over other soil bacteria. In this 

section two organoarsenicals with antimicrobial activity, methylarsenite (MAs(III)) 

and arsinothricin (AST), will be described. Both are natural products produced by 
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soil bacteria to kill other bacteria, meeting Waksman’s definition of an antibiotic (Li 

et al. 2021). 

1.3.5.1 Methylarsenite (MAs(III)): a primordial antibiotic  

Highly toxic MAs(III) (Fig. 2S) is produced by methylation of inorganic arsenite 

(As(III)) by the enzyme As(III) S-adenosylmethionine (SAM) methyltransferase, 

which is termed ArsM in microbes and AS3MT in animals (Dheeman et al. 2014; 

Qin et al. 2006). The arsM gene is considered to be one of the most ancient ars 

genes according to molecular clock analyses, arising at least 3 billion years ago 

(Chen et al. 2017; Chen and Rosen 2020). Thus, environmental arsenic 

methylation was widespread nearly a billion years before the Great Oxidation 

Event (GOE), when oxygen accumulated in the atmosphere. In the original anoxic 

atmosphere, trivalent MAs(III) would be stable. Since the ArsM product MAs(III) is 

considerably more toxic than the substrate As(III), methylation has been proposed 

to be an activation process, generating the primordial antibiotic MAs(III), which 

gave producers a competitive growth advantage over sensitive microbes during 

the Archean era (Li et al. 2016). Further methylation generates nontoxic volatile 

trimethylarsine (TMAs(III)), which may have functioned as a primitive mechanism 

for self-protection by the MAs(III)-producing microbes. After the GOE, MAs(III) 

would have been unstable in air, oxidizing to relatively nontoxic methylarsenate, 

MAs(V). Filling an ecological niche, other aerobic bacteria evolved the ability to 

reduce pentavalent MAs(V), regenerating the MAs(III) antibiotic (Yan et al. 2019; 

Yoshinaga et al. 2011). The genes involved in MAs(V) reduction have not yet been 



29 
 

identified, but this reaction now gives extant reducing microorganisms an 

advantage over MAs(III)-sensitive bacteria in microbial communities (Chen et al. 

2019). Trivalent arsenicals such as MAs(III) are toxic in part due to their affinity for 

thiols groups in proteins and other cellular metabolites (Shen et al. 2013). Since 

MAs(III) can react with a large number of molecules, no single target can be 

assigned for its mechanism of action that applies in every cell. 

 

However, one target for the antibiotic action of MAs(III) was recently identified in 

Shewanella putrefaciens 200 (Garbinski et al. 2020). MAs(III), but not inorganic 

As(III), effectively inhibits the enzyme MurA (uridine diphosphate (UDP)-N-

acetylglucosamine enol pyruvyl transferase), a cytoplasmic enzyme involved in 

the synthesis of the key precursor of the peptidoglycan, UDP-N-acetylmuramate 

(UNAM) (Barreteau et al. 2008). Only prokaryotes utilize peptidoglycan as an 

essential structural component of the cell wall, which makes it a singular target 

for antibacterial therapy in gram-negative and gram-positive pathogenic bacteria 

(Du et al. 2000; Raz 2012; Sonkar et al. 2017; Vollmer et al. 2008). Fosfomycin 

(C3H7O4P), the only clinically approved antibiotic that acts against MurA, inhibits 

MurA by alkylation of the highly conserved catalytic cysteine residue in the active 

site (Baum et al. 2001). However, the conserved cysteine is often replaced by 

an aspartate in MurA orthologs from various pathogens such as Mycobacterium 

tuberculosis, contributing to their intrinsic fosfomycin resistance (De Smet et al. 

1999). MurA from S. putrefaciens 200 has the conserved catalytic cysteine and 

is sensitive to fosfomycin, while its Cys-to-Asp mutant is resistant to fosfomycin 
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but remained sensitive to MAs(III), indicating that the two compounds have 

different mechanisms of action. MAs(III) represents a new area for the 

development of novel compounds for combating the threat of antibiotic 

resistance (Garbinski et al. 2020). For MAs(III) to exert its antibiotic action, it first 

must enter sensitive cells. How do arsenicals in general and MAs(III) in particular 

get into and out of cells? The aquaglyceroporin GlpF facilitates uptake As(III) 

and Sb(III) into cells of Escherichia coli (Meng et al. 2004; Sanders et al. 1997). 

The uptake of MAs(III) by GlpF has not been studied, but other AQPs facilitate 

its movement into and out of cells. The aquaglyceroporin AqpS from 

Sinorhizobium meliloti was recently demonstrated to conduct both MAs(III) and 

MAs(V) (Chen et al. 2021). The heterologous expression of the related 

mammalian aquaporin AQP9 in Saccharomyces cerevisiae resulted in three-fold 

more MAs(III) accumulation than inorganic As(III) (Liu et al. 2006a, b). In 

addition, inorganic As(III) is transported by sugar permeases, including yeast 

hexose (Hxt) transporters (Liu et al. 2006a, b) and plant inositol permeases 

(Duan et al. 2016). The mammalian glucose permease GLUT1 has been shown 

to transport MAs(III) as well as As(III) (Liu et al. 2006a, b). However, it is not 

clear if bacterial sugar transporters also transport arsenicals. In response to the 

high toxicity of MAs(III), bacteria adapted by developing resistance mechanisms 

(Chen and Rosen 2020). One of the most common mechanisms of bacterial 

resistance to antibiotics is to pump it out of the cells (Jia et al. 2019). Two MAs(III) 

efflux permeases are ArsP (Chen et al. 2015a, b) and ArsK (Jia et al. 2019; Shi 

et al. 2018). Other mechanisms that confer resistance to MAs(III) are the C–As 
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bond lyase ArsI, which demethylates MAs(III) to As(III) (Pawitwar et al. 2017; 

Yoshinaga and Rosen 2014), and methylarsenite oxidases such as ArsH, ArsV 

and ArsU that oxidize MAs(III) to MAs(V) (Chen et al. 2015a, b; Chen et al. 2021; 

Chen et al. 2022). 

1.3.5.2 Arsinothricin (AST), a pentavalent organoarsenical antibiotic  

Arsinothricin (2-amino-4-(hydroxymethylarsinoyl) butanoate, or AST) (Fig. 2T) is a 

newly identified broad-spectrum organoarsenical antibiotic (Nadar et al. 2019). 

AST was first discovered as a natural product synthesized by the rice rhizosphere 

bacterium Burkholderia gladioli strain GSRB05 (Kuramata et al. 2016). AST is a 

non-proteinogenic analog of both glutamate and the arsenic mimetic of 

phosphinothricin (2-amino-4-(hydroxymethylphosphinyl) butanoate or PT), the 

antibiotic moiety of a Streptomyces antibiotic prodrug phosphinothricin tripeptide 

(PTT) or bialaphos (Nadar et al. 2019; Kuramata et al. 2016). AST inhibits the 

growth of M. bovis BCG, the attenuated etiological agent of bovine tuberculosis, 

which is closely related to M. tuberculosis, the cause of human tuberculosis, and 

one of the WHO-designated priority pathogens carbapenem-resistant 

Enterobacter cloacae, whereas it exhibits low cytotoxicity on human monocytes. 

AST is chemically unrelated to other organoarsenicals and is a promising 

candidate to usher in a new class of antimicrobial agents (Nadar et al. 2019). 

MAs(III) and other trivalent arsenicals exert their toxicity through reaction with 

thiols. In contrast, AST is a pentavalent organoarsenical, and pentavalent 

arsenicals have low reactivity with thiols. Even though other pentavalent arsenicals 
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are relatively benign and less toxic, AST is as effective an antimicrobial as MAs(III) 

and is 15-fold more effective as an antimicrobial than PT. PT and AST act by 

inhibition of glutamine synthetase (GS), a central enzyme in nitrogen metabolism. 

The likely mechanism of action is by mimicking the γ-glutamyl phosphate 

intermediate in the glutamine synthetase catalytic pathway (Nadar et al. 2019; 

Suzol et al. 2020). Recently the biosynthetic gene cluster for biosynthesis of AST 

was identified (Galván et al. 2021). An ars operon consisting of three genes, 

arsQML, was identified in the draft genome sequence of B. gladioli GSRB05, the 

AST producer. These three genes were shown to encode genes for the synthesis 

of AST and for its efflux from the cells. The arsL gene is proposed to encode a 

non-canonical radical SAM enzyme that transfers the 3-amino-3-carboxypropyl 

(ACP) group from SAM to inorganic arsenite (As(III)), forming hydroxyarsinothricin 

(2-amino-4-(dihydroxyarsinoyl)butanoate, or AST-OH), the precursor of AST. The 

arsM gene product, an As(III) SAM methyltransferase, methylates AST-OH, 

producing AST. Finally, arsQ encodes an efflux permease that extrudes AST from 

the cells, both protecting the producing cells from its own product and releasing 

AST into the extracellular milieu, allowing it to exert its antibiotic action (Galván et 

al. 2021). For AST to be a useful antibiotic, it must be available in sufficient 

quantities for clinical trials and for further drug development. Recently, a semi-

synthetic method was reported in which D,L-AST-OH is chemically synthesized 

and then enzymatically methylated by ArsM to produce D,L-AST (Suzol et al. 

2020). Paul Ehrlich, the father of modern drug chemotherapy who synthesized the 

antimicrobial organoarsenical salvarsan, prophesied that drug resistance follows 
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the drug like a faithful shadow (Ebrahim 2010). This has proven true for nearly 

every antibiotic and antimicrobial, and resistance to AST has already arisen. AST 

is inactivated by acetylation of α-amino group by the enzyme ArsN1. The arsN1 

gene is found in ars operons, suggesting that resistance to AST probably arose 

soon after the evolution of its synthesis. ArsN1 is highly selective and has higher 

affinity for AST than structurally related PT (Nadar et al. 2019). The arsN1 gene is 

widely distributed in bacteria, which implies that AST is also produced by many 

environmental bacteria. Even so, AST still has a future as an antibiotic. First, AST 

can be used in combination with ArsN1 inhibitors that can be predicted from the 

crystal structure of AST-bound ArsN1. Second, the chemical synthesis of AST can 

be used to produce modified derivatives with higher inhibition of GS or that evade 

ArsN1 acetylation. These inhibitors and derivatives will improve the clinical utility 

of this promising new class of antimicrobial drugs.  

1.4 Synthetic aromatic arsenicals in animal husbandry  

Although their medicinal uses waned after the advent of penicillin in the early 

1940s, synthetic aromatic arsenicals have been repurposed for use in animal 

husbandry. Four pentavalent aromatic arsenicals were extensively used in the 

poultry and swine industry in the US since the mid-1940’s and played significant 

roles as feed additives for improvement of weight gain, feed efficiencies and 

pigmentation, as well as prevention and treatment of parasitic infectious diseases 

until banned in the mid-2010’s. Atoxyl (p-ASA) (Fig.  2U), the first organoarsenical 

drug for human trypanosomiasis, was repurposed for poultry and swine to promote 
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growth and prevent or treat dysentery (Sharma and Anand 1997). Carbarsone (4-

carbamoylaminophenylarsenate or Car(V)) (Fig.  2V), the carbamoylated p-

ASA(V) derivative originally introduced in 1931 for the treatment of human 

protozoal infectious diseases trichomoniasis and amebiasis, was later restricted 

to application with turkeys to improve weight and control blackhead disease, a 

protozoan disease caused by Histomonas meleagridis (Hoekenga 1951; 

McDougald 1979; Radke 1955; Sasaki et al. 1956; Worden and Wood 1973). The 

other two are nitroaromatic pentavalent arsenicals, roxarsone (4-hydroxy-3-

nitrophenylarsenate or Rox(V)) (Fig. 2W) and nitarsone (4-nitrophenylarsenate or 

Nit(V)) (Fig. 2X) that were exclusively used for animal husbandry. Rox(V) was 

used for poultry to promote growth, treat coccidiosis, an intestinal protozoan 

parasitic disease caused by Eimeria tenella, as well as prevent gastrointestinal 

tract infections. Although mostly excreted unchanged from the animals, 

administered organoarsenical drugs were shown to increase the level of inorganic 

arsenic species in the chicken breasts (Liu et al. 2016). Rox(V) and Nit(V) have 

been banned for nearly two decades by the European Union, in 2014 and 2015, 

respectively, by the FDA (https://www.fda.gov/animal-veterinary/product-safety-

information/arsenic-based-animal-drugs-and-poultry), and more recently banned 

in China (Hu et al. 2019), although compliance is difficult to enforce. Several 

countries including Malaysia, Canada and Australia followed this move, yet their 

use is still allowed in countries such as Argentina, Brazil, Chile, Mexico, and 

Vietnam (Hu et al. 2019). Nit(V) was the last drug in use in the United States to 

prevent and treat blackhead disease in poultry, and currently there are no 

https://www.fda.gov/animal-veterinary/product-safety-information/arsenic-based-animal-drugs-and-poultry
https://www.fda.gov/animal-veterinary/product-safety-information/arsenic-based-animal-drugs-and-poultry
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efficacious drugs for this serious avian disease, raising a concern in poultry 

industry (https://www.fda.gov/animal-veterinary/resources-you/blackhead-

disease-poultry). 

 

1.5 Future perspectives  

The major drawback of the use of arsenic in medicine is its toxicity. Therefore, 

there is a need to employ current advances in science to develop new generation 

arsenicals that can make up for the shortcomings of currently used arsenic-based 

drugs. Development of future arsenical drugs will build on the chemistry and 

properties of arsenic-based drugs already proven to be effective. Before 

advancements in scientific research, most arsenic-based drugs throughout 

history were marketed and used without rigorous clinical trials or understanding 

of their mechanisms of action. This lack of scientific rigor may have been 

responsible for the disuse of arsenic-based drugs in the late 1900s. The re-

emergence of arsenic as a frontline treatment for APL shows the potential for 

development of new arsenicals with higher therapeutic efficacy and lower toxicity.  
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CHAPTER 2: IDENTIFICATION OF THE BIOSYNTHETIC GENE CLUSTER 
FOR THE ORGANOARSENICAL ANTIBIOTIC ARSINOTHRICIN  
 
2.1 Abstract  

The soil bacterium Burkholderia gladioli GSRB05 produces the natural compound 

arsinothricin [2-amino-4-(hydroxymethylarsinoyl) butanoate] (AST), which has 

been demonstrated to be a broad-spectrum antibiotic. To identify the genes 

responsible for AST biosynthesis, a draft genome sequence of B. gladioli GSRB05 

was constructed. Three genes, arsQML, in an arsenic resistance operon were 

found to be a biosynthetic gene cluster responsible for synthesis of AST and its 

precursor, hydroxyarsinothricin [2-amino-4-(dihydroxyarsinoyl) butanoate] (AST-

OH). The arsL gene product is proposed to be a noncanonical radical S-

adenosylmethionine (SAM) enzyme that is predicted to transfer the 3-amino-3-

carboxypropyl (ACP) group from SAM to the arsenic atom in inorganic arsenite, 

forming AST-OH, which is methylated by the arsM gene product, a SAM 

methyltransferase, to produce AST. Finally, the arsQ gene product is an efflux 

permease that extrudes AST from the cells, a common final step in antibiotic-

producing bacteria. Elucidation of the biosynthetic gene cluster for this novel 

arsenic-containing antibiotic adds an important new tool for continuation of the 

antibiotic era.  

IMPORTANCE: Antimicrobial resistance is an emerging global public health crisis, 

calling for urgent development of novel potent antibiotics. We propose that 

arsinothricin and related arsenic-containing compounds may be the progenitors of 

a new class of antibiotics to extend our antibiotic era. Here, we report identification 
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of the biosynthetic gene cluster for arsinothricin and demonstrate that only three 

genes, two of which are novel, are required for the biosynthesis and transport of 

arsinothricin, in contrast to the phosphonate counterpart, phosphinothricin, which 

requires over 20 genes. Our discoveries will provide insight for the development 

of more effective organoarsenical antibiotics and illustrate the previously unknown 

complexity of the arsenic biogeochemical cycle, as well as bring new perspective 

to environmental arsenic biochemistry.  

KEYWORDS: arsinothricin, organoarsenical antibiotic, biosynthetic gene cluster, 

Burkholderia gladioli GSRB05 

2.2 Introduction 

Arsenic is one of the most ubiquitous environmental toxic substances. Bacteria 

have taken advantage of its prevalence to evolve mechanisms that give them 

competitive advantages over bacterial competitors. These include pathways for 

arsenic respiration for energy generation (1–3), methylation of inorganic arsenic to 

increase its potency as an antimicrobial (4, 5), and even incorporation into 

arsenolipids for sparing phosphate under nutrient-limiting conditions (6, 7). A newly 

recognized adaptation is synthesis of a novel arsenic-containing antibiotic.  

 

Antibiotic resistance is a global health challenge, and new antibiotics are urgently 

needed. Recently the rice rhizosphere bacterium Burkholderia gladioli GSRB05 

was shown to produce the broad-spectrum arsenic-containing antibiotic 

arsinothricin ((2-amino-4-hydroxymethylarsinoyl) butanoate (AST) (8). AST 
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effectively inhibits growth of the World Health Organization (WHO) priority 

pathogens such as carbapenem-resistant Enterobacter cloacae (CRE) but has low 

cytotoxicity in human monocytes (9). It also inhibits growth of Mycobacterium bovis 

BCG, which causes tuberculosis (TB) in animals and humans and is closely related 

to Mycobacterium tuberculosis, the major causative agent of human TB. TB is 

classified by the WHO as a global health emergency (10), and the WHO has called 

for the development of new and innovative antibiotics against M. tuberculosis 

(https://www.who.int/activities/tackling-the-drug-resistant-tb-crisis). AST is a 

pentavalent organoarsenical and a nonproteinogenic amino acid analog of 

glutamate. It inhibits glutamine synthetase (GS), most likely because of its 

chemical similarity to the acyl-phosphate intermediate γ-glutamyl phosphate, in the 

GS catalytic cycle (9). GS is essential for nitrogen metabolism in M. tuberculosis, 

and inhibitors of M. tuberculosis GS are actively sought after as drugs against TB 

(11).  

 

B. gladioli GSRB05 is the only known AST producer that has been shown to 

produce both pentavalent hydroxyarsinothricin [2-amino-4-(dihydroxyarsinoyl) 

butanoate] (AST-OH) and AST from As(III), with a possible precursor-product 

relationship (8). Here, we identified the biosynthetic gene cluster (BGC) for AST 

production from the genome of B. gladioli GSRB05. Three genes, arsQ, arsM, and 

arsL, are organized in an arsenic resistance (ars) operon. By way of comparison, 

the phosphonate analog of AST is the Streptomyces antibiotic phosphinothricin, 

which is used commercially as the herbicide glufosinate and has a very 

https://www.who.int/activities/tackling-the-drug-resistant-tb-crisis
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complicated biosynthetic pathway (12). The BGC from Streptomyces 

viridochromogenes consists of 24 genes (accession no. X65195) (13), so a three-

gene BGC for arsinothricin production is surprisingly small.  

 

Identification of the AST BGC makes substantial contributions in two important 

areas – treatment of infectious diseases and radical S-adenosylmethionine (SAM) 

chemistry. First, the BGC is an uncomplicated pathway with only three steps 

required for the synthesis of AST. This arsenic-containing compound may be the 

founding member of a new class of antibiotics, adding to our arsenal of weapons 

against multidrug-resistant pathogens. Second, the radical SAM enzyme BgArsL 

(i.e., B. gladioli ArsL) catalyzes the key enzymatic reaction in AST biosynthesis. 

Radical SAM enzymes form the largest enzyme superfamily (14). Most members 

catalyze the transfer of a 5’-deoxyadenosyl radical to the substrate or function as 

methyltransferases using a methylene fragment from SAM (15). In contrast, 

BgArsL is proposed to be a noncanonical radical SAM enzyme that transfers the 

ACP moiety to As(III), forming AST-OH, a unique radical SAM reaction.  

2.3 Results  

Identification of the AST biosynthetic gene cluster. In this study, a time course 

of AST biosynthesis by B. gladioli GSRB05 was conducted in cells grown in ST 10-

1 medium (Fig. 1). After a lag period of approximately 10 h, both trivalent and 

pentavalent AST-OH and pentavalent AST were produced. After approximately 15 

h, all of the As(III) was consumed, the trivalent AST-OH peak decreased, and both 
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the AST and the pentavalent AST-OH peaks increased correspondingly. We 

interpret this result as As(III) conversion into trivalent AST-OH in the first step, 

which is then either methylated to AST in a second step or oxidized to pentavalent 

AST-OH. After 24 h, both the pentavalent and trivalent AST-OH peaks decreased, 

and the AST peak increased reciprocally, suggesting that the strain is able to 

reduce pentavalent AST-OH to the trivalent form to produce more AST. It is not 

clear if the product is trivalent or pentavalent AST because in our hands trivalent 

AST oxidizes in air too rapidly to be isolated. Trivalent AST-OH also oxidizes in air, 

but less rapidly than AST. 
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Fig 1. Time course of AST biosynthesis by B. gladioli GSRB05. Production of AST-

OH and AST by cells of B. gladioli GSRB05 was assayed over a 24-h period. Cells were 

grown in LB medium until late log phase and transferred to ST 10-1 for up to 24 h in the 

presence of 3 µM As(III). Samples were speciated by C18 reverse-phase HPLC, and 

arsenic was determined by ICP-MS at the indicated times. After a lag period of 

approximately 10 h, AST-OH and AST synthesis was observed. During the remaining 

time, the amount of AST increased, and As(III) decreased correspondingly. Production of           

AST-OH leveled off after approximately 14 to 15 h, indicating that it is an intermediate in 

the pathway of AST biosynthesis from As(III). (Bottom line) Standards of arsenic 

compounds. R-AST-OH, trivalent hydroxyarsinothricin; As(III), arsenite; MAs(III), 

methylarsenite; DMAs(V), dimethylarsenate; AST, arsinothricin; AST-OH, 

hydroxyarsinothricin; MAs(V), methylarsenate; As(V), arsenate. 
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To identify the AST BGC knowing that methylation is involved, we made the 

assumption that a B. gladioli GSRB05 enzyme would be related to other known 

methylating enzymes. Arsenic methylation catalyzed by the ArsM As(III) S-

adenosylmethionine methyltransferase is a common reaction in arsenic 

metabolism (16). Bacterial and algal ArsM enzymes methylate inorganic As(III) up 

to three times to produce methylarsenite [MAs(III)], dimethylarsenite [DMAs(III)], 

and trimethylarsenite [TMAs(III)]. These are rapidly oxidized nonenzymatically in 

air to the pentavalent species, which are neither substrates nor products of the 

enzyme-catalyzed reaction. We predicted that a B. gladioli GSRB05 ArsM ortholog 

is involved in the methylation of trivalent AST-OH and that its gene would be in the 

AST BGC. For that reason, a draft sequence of the B. gladioli GSRB05 genome 

was constructed (see Fig. S2 in the supplemental material). As anticipated, an 

arsM sequence was identified next to a cluster of genes related to arsenic 

metabolism but divergently oriented (Fig. 2A). These genes located on the 

opposite DNA strand are arsR (17), pitA (18), aioAB (2), encoding a putative ArsR 

As(III)-responsive transcriptional repressor, PitA, a low-affinity inorganic 

phosphate/arsenate (As(V)) transporter, and the AioAB arsenite oxidase that 

oxidizes As(III) to As(V), respectively. The predicted products of the genes 

upstream and downstream of arsM were searched against the basic local 

alignment search tool (BLAST; http://blast.ncbi.nlm.nih.gov). The gene 

immediately upstream of arsM is termed arsQ and encodes a putative membrane 

transporter annotated as related to the GntP family of gluconate permeases (19). 

The gene immediately downstream of arsM encodes a putative radical SAM 

http://blast.ncbi.nlm.nih.gov/
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protein and is termed arsL. The arsQML gene cluster is found in the genomes of 

other proteobacterial genomes but is not widespread in the bacterial kingdom (Fig. 

2B). Their association suggests that these three genes have a related function. 

The next four genes were termed orf1–4 and are annotated as encoding two class 

I SAM-dependent methyltransferases, a cytochrome P450-like protein, and an α/β-

hydrolase. The four genes are not adjacent to arsQML in other bacterial genomes, 

and as described below, these four genes appear to be unrelated to AST 

biosynthesis.  

 

The B. gladioli arsM gene product (BgArsM) is a 378-amino-acid-residue protein 

with a predicted mass of 41.71 kDa (accession no. MBW5287222). Most ArsM and 

related animal AS3MT enzymes have four conserved cysteine residues that are 

required for catalysis (20, 21). Multiple-sequence alignment of BgArsM and 

orthologs shows that BgArsM has four cysteine residues at positions 30, 54, 181, 

and 233. The N-terminus of BgArsM does not align well with those of other ArsMs, 

but Cys30 is in approximately the position expected for the first conserved 

cysteine, and the other three align with the remaining three conserved cysteine 

residues. The arsL gene product (BgArsL) is a 428-amino-acid-residue protein with 

a predicted mass of 47.5 kDa (accession no. MBW5287221). Multiple sequence 

alignment with other putative ArsL orthologs shows that BgArsL has three 

conserved cysteine residues at positions 194, 198, and 201. It is annotated as a 

radical SAM enzyme, with these three cysteine residues forming a CX3CX2C motif 

that is found in more than 90% of members of the radical SAM superfamily. In the 
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cyanobacterium Synechocystis sp. strain PCC 6803, a radical SAM enzyme, 

SsArsS, has been shown to function with SsArsM to catalyze the initial steps in 

arsenosugar biosynthesis (22). It was therefore reasonable to consider that 

BgArsM and BgArsL might function together in AST biosynthesis. The arsQML 

genes plus the four downstream orf genes were cloned and transformed into E. 

coli Top10. However, the transformants grew poorly. Considering that the 

heterologous expression of membrane proteins, in general, might be toxic for the 

host cells, arsQ was eliminated from the construct, leaving arsML and the four orf 

genes. Cells of E. coli Top10 with the remaining six genes grew well, indicating 

that arsQ was responsible for growth retardation. With the addition of 1 µM As(III), 

cells expressing the six genes produced AST and smaller amounts of AST-OH 

(Fig. 3A). Cells expressing an arsL–orf1–4 construct lacking arsM produced only 

AST-OH and not AST. These results indicate that one or more of the five genes 

downstream of arsM are involved in AST-OH biosynthesis, followed by methylation 

to AST by BgArsM. 
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Fig. 2 The B. gladioli GSRB05 AST biosynthetic gene cluster. (A) The B. gladioli 
GSRB05 genome (accession no. JAGSIB000000000) contains a cluster of ars genes, 
including arsQML. (B) Phylogenetic distribution of the genes of the AST BGC. GenBank 
accession numbers are given in Materials and Methods.  
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Fig.3 AST-OH and AST biosynthesis in cells bearing arsML–orf1–4. As(III) 
biotransformation was assayed with selected genes from the AST BGC from B. gladioli 
GSRB05. (A) Cultures of E. coli Top10 expressing arsML–orf1–4 and/or arsL–orf1–4 in 
plasmid pUC118. From the bottom the lanes are arsenic standards, cells with 1 µM As(III) 
bearing pUCarsL–orf1–4, pUCarsML–orf1–4, vector plasmid pUC118, and medium with 
only 1 µM As(III). (B) Stop codons (*) were individually introduced into the genes in plasmid 
pUCarsL–orf1–4. From the bottom, the lanes are arsenic standards, cells expressing wild 
type arsL–orf1–4 genes and stop codons in each gene. Cultures were grown in LB 
medium to late log phase, transferred to ST 10-1 medium with 1 µM As(III), and incubated 
for 36 h. Arsenic-containing species were determined by HPLC-ICP-MS.  

 

 

BgArsM and BgArsL are both required for AST biosynthesis. To determine 

which gene or genes are required for AST-OH production, a mutation producing a 

stop codon was introduced into arsL and each of the other four genes in the arsL–

orf1–4 construct. Cells expressing each mutant were incubated with As(III), and 

the culture medium was analyzed by high-performance liquid chromatography-

inductively coupled plasma mass spectrometry (HPLC-ICP-MS). Stop codons in 

the downstream orf1–4 genes had no effect, and only the strain with the point 

mutation in the arsL gene lost the ability to produce AST-OH (Fig. 3B). Thus, only 

arsL is required for AST-OH production. These results strongly suggest that the 

biosynthetic pathway of AST is composed of only two reactions catalyzed by 

BgArsM and BgArsL. To confirm this hypothesis, we expressed arsL alone and the 

arsML genes together in the pETDuet-1 system (Fig. 4). Cells of E. coli BL21 

expressing arsL alone produced AST-OH but not AST, while AST production was 

observed when arsL and arsM were coexpressed.  
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Fig.4 The arsL and arsM gene products are sufficient to catalyze sequential steps 
in the biosynthesis of AST. Production of AST-OH or AST was assayed in cultures of 
E. coli BL21 with 1 µM As(III), as described in the legend to Fig. 3. From the bottom, the 
lanes are arsenic standards, cells bearing pETDuet-1arsLM, pETDuet-1arsL, vector 
plasmid pETDuet-1, and medium with only 1 mM As(III).  

 

 

The arsQML genes comprise an As(III)-inducible ars operon. To examine 

whether the arsQ, arsL and arsM genes comprise an As(III)-responsive ars 

operon, total RNA was obtained from cells of B. gladioli GSRB05 with or without 

As(III), and cDNA was subsequently synthesized by reverse transcription-PCR 

(RT-PCR). From the amount of RNA detected in quantitative real-time PCR (RT-

qPCR) analysis, expression of arsQ, arsM and arsL increased approximately 8.5-

, 7.2-, and 11.9-fold, respectively, following induction with 3 µM As(III) compared 

with RNA from uninduced cells (Fig. 5). The results demonstrate that the arsQML 
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genes comprise an ars operon. As(III) responsiveness suggests that the operon is 

controlled by an ArsR repressor, likely the product of the upstream arsR gene. 

When the reverse primers were designed to anneal a cDNA region including either 

orf1 or orf2, almost no amplification was observed, indicating that the downstream 

four orf genes are not part of the arsQML operon. 
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Fig. 5 The BGC is the arsQML operon. (A) The BGC and upstream and downstream 
genes are illustrated, with the size of each gene and intergenic regions given in nucleotide 
base pairs. (B) The indicated forward (F) and reverse I primers were used to amplify 
transcriptional products by RT PCR. (C) Analysis of transcription of the arsQ (primers 1F-
1R), arsM (primers 2F-2R) or arsL (primers 3F-3R) genes individually and cotranscription 
of arsM–orf1 (primers 2F-4R) and arsL–orf2 (primers 3F 5R) genes. B. gladioli GSRB05 
was grown in LB medium until late log phase and then transferred to ST 10-1 medium. 
Cultures were incubated for 13 h in the presence (black bars) or absence (shaded bars) 
of 3 µM As(III). cDNA was synthesized by RT-PCR from total RNA obtained from cultures 
of B. gladioli GSRB05. Data are the mean ± SE (n = 4).  
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ArsQ confers moderate resistance to AST. Antibiotic BGCs frequently have 

genes for efflux of the antibiotic. This serves dual purposes of removing the active 

antibiotic from the cytosol, thus protecting the producing organism, and exporting 

the compound into the medium, where it can exert its antibiotic action against other 

bacteria. The arsQ gene encodes a putative membrane protein of 408 amino acid 

residues with a predicted mass of 42.9 kDa (accession no. MBW5287223). ArsQ 

orthologs are found primarily in Proteobacteria and are annotated as gluconate 

permeases. AST and gluconate are similar in size and charge, so a reasonable 

inference is that the BgArsQ functions as an AST efflux permease. A multiple-

sequence alignment with the 100 most closely related proteins shows variation in 

the N-terminal 90 residues, but the remaining 318 residues are highly conserved 

(see Fig. S5 in the supplemental materials). The arsQ gene was cloned into vector 

pTrcHisA and transformed into the As(III)-hypersensitive strain E. coli AW3110 

(23). Addition of the inducer IPTG (isopropyl-β-D-1-thiogalactopyranoside) 

produced growth inhibition, so the cells were grown without inducer, and the effect 

of leaky expression of arsQ on AST inhibition was assayed (Fig. 6A). Cells 

expressing arsQ were clearly more resistant to AST than those with vector only, 

supporting my hypothesis that BgArsQ is an AST efflux permease. The resistance 

was not dramatic—probably due to low levels of expression of BgArsQ. 
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Fig. 6 BgArsQ is an AST efflux permease.  Expression of arsQ confers resistance to 
AST. Overnight cultures of E. coli AW3110 bearing either pTrcHisAarsQ (shaded bars) or 
vector plasmid pTrcHisA (black bars) were diluted 100-fold into fresh M9 medium 
containing the indicated concentrations of AST. A600 was measured after 24 h of growth 
at 37 °C. 

 
 
 
2.4 Discussion 
 

Identification of the biosynthetic gene cluster for arsinothricin is an essential step 

in elucidation of the antimicrobial action of this novel arsenic-containing antibiotic. 

With only three genes, the BGC is surprisingly small, especially compared with the 

BGC for the phosphonate counterpart, phosphinothricin, which includes 24 genes. 

The AST BGC has a rather narrow phylogenetic distribution. The arsQML gene 

cluster is found primarily in members of the Proteobacteria phylum, such as the 

classes Alpha proteobacteria (Rhodobacter), Betaproteobacteria (Burkholderia), 

and Gamma proteobacteria (Pseudomonas). Most BgArsQ orthologs are found in 
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Proteobacteria, while orthologs of BgArsM and BgArsL are more widely distributed. 

However, it is not clear if those are involved in AST biosynthesis. Near other arsL 

genes are also genes for other putative permeases that are unrelated to ArsQ. It 

is not known if their substrates include AST, but alternate AST transporters would 

not be surprising. This is reminiscent of the existence of multiple permeases for 

inorganic and organic arsenicals, such as ArsB, Acr3, ArsP, ArsK, and ArsJ (26). 

We propose that AST is synthesized in a three-step pathway: (i) AST-OH synthesis 

by BgArsL, (ii) methylation of AST-OH to AST by BgArsM, and (iii) export of AST 

or related compounds by BgArsQ (Fig. 7). 

 

BgArsL can be predicted to be a radical SAM enzyme, a member of the largest 

enzyme superfamily. It has three cysteine residues (Cys194, Cys198, and Cys201) 

that are highly conserved in radical SAM enzymes and form a [4Fe-4S]+ cluster for 

reductive cleavage of SAM. Since BgArsL has only three conserved cysteine 

residues, it likely has a single [4Fe-4S]+ cluster. The majority of radical SAM 

enzymes produce a 5’-deoxyadenosyl radical that performs a wide variety of 

organic chemical biotransformations (15). AST-OH is an amino acid with arsenate 

replacing the γ-carboxyl group of glutamic acid, so it is reasonable to propose that 

BgArsL catalyzes addition of the 3-amino-3-carboxypropyl (ACP) group of SAM to 

As(III), forming trivalent AST-OH, as shown in Fig. 7. In this respect, I propose that 

BgArsL is a novel noncanonical radical SAM enzyme that forms an ACP radical 

rather than the more common 5'-deoxyadenosyl radical. This reaction would 

produce trivalent AST-OH. The only other noncanonical radical SAM enzyme that 
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transfers ACP is the diphthamide biosynthetic enzyme Dph2, which adds ACP to 

a histidine residue in translation elongation factor 2 (27). Rather than catalyzing 

protein modification like Dph2, ArsL catalyzes the unique chemistry of C-As bond 

formation. Enzymes with [4Fe-4S]+ clusters are typically very oxygen sensitive, 

usually requiring anaerobic purification and/or reconstitution of the iron-sulfur 

cofactor (28). Future directions of study with BgArsL will be designed for the 

challenging characterization of the enzyme in vitro. BgArsM is a typical As(III) SAM 

methyltransferase. ArsM substrates include inorganic arsenite, methylarsenicals, 

and aromatic arsenicals. A mechanistic feature of this group of arsenic 

methyltransferases is that both the substrates and products are trivalent, and the 

pentavalent species are produced nonenzymatically by oxidation, usually with 

atmospheric O2 (16). Cells of E. coli heterologously expressing the arsL gene 

transform As(III) into AST-OH, and cells expressing both arsL and arsM genes 

produce AST. Thus, we propose that in the second step, trivalent AST-OH is 

methylated by BgArsM to form the reduced form of AST, which would rapidly 

oxidize, yielding the pentavalent antibiotic AST. Future tests of this proposal will 

involve purification of BgArsM for enzymatic assays and development of analytical 

methods to detect the trivalent form of AST. Antibiotic producers frequently have 

transporters that transport the active antibiotic from the cells, both for self-

protection and to inhibit growth of competitors (29). In the third and final step, AST 

or a related compound is exported from the cells by the efflux permease BgArsQ. 

It is not known whether BgArsQ substrates are trivalent, pentavalent, or both, 

whether AST-OH and AST are both substrates, or even if gluconate is a substrate, 
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due to apparent toxicity caused by arsQ expression. Future experiments will be 

designed to produce sufficient BgArsQ for biochemical characterization.  

 

 

 

 

 

 

Fig. 7 Proposed pathway of AST biosynthesis. AST biosynthesis by B. gladioli 
GSRB05 is composed of two steps. In the first step, the noncanonical radical SAM enzyme 
BgArsL cleaves the Cγ bond of SAM, forming a 3-amino-3-carboxypropyl (ACP) radical 

that creates a C-As bond with As(III), producing trivalent AST-OH. This is different from 
most radical SAM enzymes that form 5'-deoxyadenosyl radical by reductive cleavage of 
SAM at the 5' position of the adenosine moiety. In the second step, BgArsM uses a second 
molecule of SAM to methylate trivalent AST-OH, generating trivalent AST, which 
spontaneously oxidizes nonenzymatically to the antibiotic pentavalent AST.  

 

2.5 materials and methods 

Strains, plasmid, media, and growth conditions. Strains and plasmids used in 

this study are described in Table S1 in the supplemental material. B. gladioli 

GSRB05 and E. coli cultures were grown aerobically overnight with shaking in 

lysogeny broth (LB) medium (30) at 30 or 37 °C, respectively. M9 medium (30) 

was supplemented with 0.2% glucose, 0.1 mM CaCl2, and 1 mM MgSO4. For 

resistance assays, antibiotics were supplemented at the following final 
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concentrations, as indicated: 50 μg/ml streptomycin (Sm), 25 μg/ml 

chloramphenicol (Cm), and 100 μg/ml ampicillin (Ap). 

 

AST production. The protocol for AST production was modified from the original 

method (8). A single colony of B. gladioli GSRB05 was inoculated into 10 ml of LB 

medium and grown overnight. The culture was 100-fold diluted into 1 liter of fresh 

LB and grown again to an A600 of 1. Next, the cells were harvested and transferred 

into the same volume of ST 10-1 medium (31) supplemented with 20 µM As(III) and 

0.2% glucose. The culture was incubated until As(III) was completely transformed 

into AST. AST was chromatographically purified as described previously (8) with a 

yield of approximately 5 mg AST/liter of culture medium and was free of AST-OH.  

 

The time course of As(III) conversion into AST-OH and AST by B. gladioli GSRB05 

was performed in a 50-ml culture of ST 10-1 medium containing 3 µM As(III). The 

same procedure was used to determine As(III) transformation by E. coli Top10 

bearing the vector plasmid pUC118, pUCarsL–orf1–4, or pUCarsML–orf1–4 as for 

B. gladioli GSRB05, but for E. coli BL21 bearing the plasmid pETDuet-1, pETDuet-

1arsL, pETDuet-1arsM, or pETDuet-1arsLM, the pellet was directly transferred 

from the overnight LB culture into ST 10-1 medium supplemented with 1 µM As(III) 

and 0.4% glycerol, following which cultures were incubated for 36 h. For both E. 

coli Top10 and BL21, basal expression of genes in plasmids pUC118 and 

pETDuet-1 was sufficient to observe the activity of the genes.  
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Analysis of arsenic species. Arsenic species in the supernatant were analyzed 

by high-performance liquid chromatography-inductively coupled plasma mass 

spectrometry (HPLC-ICP-MS). For sample preparation, 0.5 ml of culture was 

collected and centrifuged at 13,000 rpm for 2 min at 4 °C. Supernatants were 

filtered with 3-kDa Amicon Ultra Centrifugal filters (MilliporeSigma, St. Louis, MO, 

USA) for 10 min. A mobile phase of 3 mM malonic acid, 5% methanol, and 

tetrabutylammonium hydroxide to reach a pH of 5.9 was used to elute a C18 

reverse-phase column at a flow rate of 1.0 ml min-1.  

 

Construction of the draft genome sequence of B. gladioli GSRB05. Genome 

sequencing of B. gladioli GSRB05 was performed using the Illumina NextSeq 

platform at Center for Genome Technology, University of Miami, Miller School of 

Medicine (Miami, FL, USA). Sequence data were comprised of 7.8 million paired-

end (2 x 150) reads. Quality trimming and filtering were performed using the 

TrimGalore (version 0.6.4) 

(https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) tool to remove 

adapter sequences, base pairs with a quality score of <30, and reads shorter than 

50 bp. Quality-trimmed reads were assembled using SPAdes (version 3.13.0) (32) 

and ABySS (version 2.1.5) (33) at different kmers, and optimal assembly was 

selected as described previously (34). Genome annotation was accomplished 

using the NCBI Prokaryotic Genome Annotation Pipeline (35), and predictions of 

arsM orthologous genes were performed via BLAST (36) and OrthoMCL (37) 

sequence analysis against the predicted proteins.  

https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/


74 
 

 

Cloning and expression. Genomic DNA was extracted from 3 ml of a fresh 

overnight culture of B. gladioli GSRB05 using the E.Z.N.A. Bacterial DNA kit 

(Omega Bio-tek, Inc., Norcross, GA, USA). The gene cluster was sequentially 

amplified by PCR with Pfu Turbo high-fidelity DNA polymerase (Agilent 

Technologies, Inc., Santa Clara, CA, USA), and the entire cluster or groups of 

genes were cloned into plasmid pUC118 between the KpnI and XbaI restriction 

sites. To construct pUCarsL–orf1–4, the cloning was carried out in two steps, while 

for pUCarsML–orf1–4, an additional step was necessary (see Fig. S1 in the 

supplemental material) to amplify fragments of no more than 3.2 kb to avoid 

incorrect base insertion. Primers were designed with unique restriction sites to 

serially construct the final plasmids. The amplified products were gel purified, 

digested with the appropriate restriction enzymes, and inserted into vector plasmid 

pUC118 with the first gene in frame with the lacZ gene of the vector. The arsL and 

arsML genes were ordered from GenScript (Piscataway, NJ, USA) and cloned into 

pETDuet-1 (Millipore Sigma) and arsQ in pTrcHisA (Thermo Fisher Scientific, Inc., 

Waltham, MA, USA) to construct pETDuet-1arsL, pETDuet-1arsML, and 

pTrcarsQ, respectively. Each step of cloning was verified by sequencing the 

fragments. The complete list of the oligonucleotides used in this study is given in 

Table S1.  

 

Site-directed mutagenesis. The primers for site-directed mutagenesis (see Table 

S2 in the supplemental material) were designed using the online QuikChange 
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Primer Design program 

(https://www.agilent.com/store/primerDesignProgram.jsp). A stop codon was 

individually inserted into each of the five genes in plasmid pUCarsL–orf1–4 by 

substitution of one nucleotide at the beginning of the sequence. Unmutated 

plasmid pUCarsL–orf1–4 was removed from the reaction mixture by digesting the 

methylated DNA with restriction enzyme DpnI (New England Biolabs, Ipswich, MA, 

USA). Each mutated plasmid was transformed into competent cells of E. coli 

TOP10 and purified, and the presence of the mutation was verified by sequencing.  

 

mRNA extraction, reverse transcription, and quantitative real-time PCR. An 

RNeasy minikit (Qiagen, Valencia, CA, USA) was used to isolate total RNA from a 

3-ml culture of B. gladioli GSRB05 that had been cultured with or without exposure 

to 3 µM As(III) in ST 10-1 medium for 13 h. The purity and concentrations of RNA 

were determined from the A260 using a Synergy H4 Hybrid microplate reader 

(BioTek Instruments, Inc., Winooski, VT, USA). RNA integrity was verified by 

electrophoresis (data not shown). Reverse transcription-PCR (RT-PCR) was 

performed to synthesize complementary DNA (cDNA) using a Verso cDNA 

synthesis kit (Thermo Fisher Scientific, Inc.) according to the manufacturer's 

instructions. Primer sets for real-time qPCR of target genes are listed in Table S2. 

One microliter of each of the purified RT-PCR products corresponding to 50 ng of 

total RNA was amplified in a 10-µl reaction mixture containing 0.5 µM each primer 

set and 5 µl of iQSYBR green supermix (Bio-Rad Laboratories, Inc., Hercules, CA, 

USA). Real-time qPCR assays were carried out using a Realplex2 PCR instrument 

https://www.agilent.com/store/primerDesignProgram.jsp
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(Eppendorf, Hamburg, Germany) with the following cycle steps: initial denaturation 

for 2 min at 94 °C, followed by 40 cycles of 15 s at 94 °C for denaturation, and then 

30 s at 50°C for annealing, and 1 min 30 s at 72 °C for extension of arsQ, arsM, 

and arsL. For fragments containing sequences from arsM to orf1 (arsM–orf1) or 

from arsL to orf2 (arsL–orf2), the reaction condition was changed to 30 s at 58 °C 

for annealing and 3 min 10 s at 72 °C for extension. All data were normalized to 

the amount of 16S rRNA. The threshold cycle (2–ΔCT) was calculated to compare 

the expression level of each gene.  

 

Assays of arsQ function. To examine whether the arsQ gene could confer AST 

resistance, cells of E. coli AW3110 harboring plasmid pTrcHis2AarsQ were grown 

overnight in LB medium and washed and suspended in 0.9% NaCl. The washed 

cells were then inoculated into M9 medium at an A600 of 0.03 and incubated for 24 

h in the presence of the indicated concentrations of AST.  

 

AST BGC distribution. The prevalence of AST BGC was analyzed in 

representative organisms. GenBank accession numbers of the following bacterial 

genomes are given in parentheses: B. gladioli GSBR05 (JAGSIB000000000) is 

compared with putative orthologs from Burkholderia oklahomensis 

(NZ_UFUH01000001), Burkholderia cepacia (NZ_CADEUO010000007), 

Pseudomonas aeruginosa (NZ _CACPET010000007), Pseudomonas fluorescens 

(NZ_LVEJ01000018), Pseudomonas amygdali (NZ_LGLI01000031), 

Actibacterium sp. (NZ_JAFEUL010000009), and Rhodobacter sp. 
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(NVUP01000011). Multiple alignments of the sequences of ArsM (Fig. S3), ArsL 

(Fig. S4), and ArsQ (Fig. S5) orthologs were performed using T-Coffee (39) and 

the BoxShade version 3.21 server (https://embnet.vital-

it.ch/software/BOX_form.html).  

Data availability 

The draft genome sequence for B. gladioli GSRB05 has been deposited in NCBI 

under accession no. JAGSIB000000000. Raw sequence reads have been 

deposited in NCBI under BioProject accession no. PRJNA722678. 
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SUPPLEMENTARY INFORMATION 

 

 

 

 

 

 
 

 

 

Figure S1. Diagram of the sequential cloning of the AST BGC genes. DNA fragments 

of no more than 3.2 kb were sequentially amplified by PCR with the indicated restriction 

sites. The PCR products were inserted into plasmid pUC118. The first amplified PCR 

fragment included orf2-4 cloned between the KpnI and XbaI sites. In the second step arsL 

and orf1 were amplified and cloned between the KpnI and PacI sites, resulting in plasmid 

pUCarsL-orf1-4. For the construction of pUCarsML-orf1-4 or pUCarsQML-orf1-4, a third 

fragment including arsM or arsQ-arsM genes, respectively, was cloned between the KpnI 

and NheI sites. 
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Figure S2. Genome sequencing of B. gladioli GSRB05 
After quality trimming and filtering, >64% of reads were retained that represent >160X 
genome coverage for B. gladioli GSRB05. Optimal genome assembly obtained through 
SPAdes was comprised of 171 contigs in 9.2 MB with N50 contigs size 132 KB and 
average contig length 54 KB. 
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Figure S3. Multiple alignment of BgArsM orthologs (accession numbers in 
parentheses). The protein sequence of BgArsM identified from B. gladioli GSBR05 
(BurGSRB05_34905) is compared with putative orthologs from Burkholderia 
oklahomensis (WP_010121994.1), Burkholderia cepacia (WP_059666519.1), 
Pseudomonas aeruginosa (WP_174517314.1), Pseudomonas fluorescens 
(WP_064119070.1), Pseudomonas amygdali (WP_054068373.1), Actibacterium sp. 
(WP_204414387.1) and Rhodobacter sp. (PCJ07719.1). The four conserved cysteines 
are indicated (*).  Identities are shaded in black, and conservative replacements are 
shaded in grey. The multiple alignment was calculated with CLUSTAL W. 
. 
  

* 



85 
 

Figure S4. Multiple alignment of BgArsL orthologs (accession numbers in 
parentheses). The protein sequence of BgArsL identified from B. gladioli GSBR05 
(BurGSRB05_34900) is compared with putattive orthologs from Burkholderia 
oklahomensis (WP_038802160.1), Burkholderia cepacia (WP_059666518.1), 
Pseudomonas aeruginosa (WP_174517312.1), Pseudomonas fluorescens 
(WP_064119068.1), Pseudomonas amygdali (WP_054068372.1), Actibacterium sp. 
(WP_204414396.1) and Rhodobacter sp. (PCJ07718.1). Identities are shaded in black, 
and conservative replacements are shaded in grey. The cysteines of the conserved 
CX3CX2C motif are identified (*). The multiple alignment was calculated with CLUSTAL W. 
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Figure S5. Multiple alignment of BgArsQ orthologs (accession numbers in 
parentheses). The protein sequence of BgArsQ identified from B. gladioli GSBR05 
(BurGSRB05_34910) is compared with putative orthologs from Burkholderia 
oklahomensis (WP_010121992.1), Burkholderia cepacia (WP_081062335.1), 
Pseudomonas aeruginosa (WP_174517311.1), Pseudomonas fluorescens 
(WP_064119067.1), Pseudomonas amygdali (WP_054068371.1), Actibacterium sp. 
(WP_204414385.1) and Rhodobacter sp. (PCJ07720.1). Identities are shaded in black, 
and conservative replacements are shaded in grey. The multiple alignment was calculated 
with CLUSTAL W. 
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Table S1. Bacterial strains and plasmids 

 Genotype/Description  References 

Strain   

B. gladioli GSRB05 Soil isolated. AST producer  

E. coli Top10 F– mcrA Δ(mrr-hsdRMS-mcrBC) φ80lacZΔM15 

ΔlacX74 recA1 araD139 Δ(ara-leu)7697 galU galK 

λ– rpsL(StrR) endA1 nupG. Smr 

Invitrogen 

E. coli BL21 (DE3) F– ompT hsdSB (rB
–, mB

–) gal dcm (DE3) Novagen 

E. coli AW3110 ars::cam F- IN(rrnD-rrnE). Cmr (1) 

Plasmid   

pUC118 E. coli cloning and expression using lac promoter. 

Apr 

Takara Bio USA 

pUCarsL-orf1-4 PCR amplified arsL and orf1-4 genes inserted into 

the KpnI and XbaI sites of pUC118. 

This study 

pUCarsML-orf1-4 PCR amplified arsM-arsL and orf1-4 genes 

inserted into the KpnI and XbaI sites of pUC118 

This study 

pUCarsQML-orf1-4 PCR amplified arsQ-arsM-arsL and orf1-4 genes 

inserted into the KpnI and XbaI sites of pUC118 

This study 

pETDuet-1 E. coli expression vector. Apr  Novagen 

pETDuet-1arsL arsM gene cloned in MCSI This study 

pETDuet-1arsML arsM gene cloned in MCSI and arsL gene cloned in 

MCSII 

This study 

pTrcHisA E. coli expression vector. Apr Thermo Fisher 

Scientific Inc 

pTrcHisAarsQ arsQ genes inserted into the NcoI and SalI sites of 

pTrcHisA. 

This study 

Abbreviations: Smr, streptomycin resistant. Cmr, chloramphenicol resistant. Apr, ampicillin 

resistant. 

1. Carlin, A.; Shi, W.; Dey, S.; Rosen, B. P., The ars operon of Escherichia coli confers 

arsenical and antimonial resistance. J. Bacteriol. 1995, 177, (4), 981-6. 
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Table S2. Primers 

Cloning primers Sequence 

Bg_ars_XbaI_Rv 5’ ACCACCACCTCTAGATGGGGCATAGCGATAG 3’ 

Bg_ars_KpnI PacI_Fw 5’ GGTGGTGGTACCTTAATTAAGTGATAGCACGTCCGTCATTG 3’ 

Bg_ars_PacI_Rv 5’ ACCACCTTAATTAAGTGGCGCATGCCGGAGG 3’ 

Bg_ars_KpnI_NheI _Fw 5’ GGTGGTGGTACCGCTAGCTGAATAGATCAACAGACGACTTCAAG 3’ 

Bg_ars_NheI_Rv 5’ ACCACCGCTAGCATCAGCCGAGCAGCAG 3’ 

Bg_arsL_KpnI_Fw 5’ GGTGGTGGTACCTGGCCCAGGTTCAATC 3’ 

Bg_arsM_KpnI_Fw 5’ GGTGGTGGTACCAATGGAAATGGATTCTGTTATTC 3’ 

Red: unique site introduced for the sequentially cloning 

 

Site-mutant primers 

arsL-G31T-Fwd 5’ CTGATATCCACCTTAAAAAGTGGAAACGACTAGATAGTTGG 3’ 

arsL-G31T-Rev 5’ CCAACTATCTAGTCGTTTCCACTTTTTAAGGTGGATATCAG 3’ 

orf1-C55T-Fwd 5’ CATCGAGCATTTCCTACACGGGGTCTATCGC 3’ 

orf1-C55T-Rev 5’ GCGATAGACCCCGTGTAGGAAATGCTCGATG 3’ 

orf2 -G28T-Fwd 5’ GCGACCGGTTATTCCTTGGCGAGTGCTGC 3’ 

orf2 -G28T-Rev 5’ GCAGCACTCGCCAAGGAATAACCGGTCGC 3’ 

orf3-G31T-Fwd 5’ CGGTATAGAAGAGCTAAACCCCGTCGTTAGTTCT 3’ 

orf3-G31T-Rev 5’ AGAACTAACGACGGGGTTTAGCTCTTCTATACCG 3’ 

orf4-C28T-Fwd 5’ CGCGTCGGGCTAGGCGCTGCTGA 3’ 

orf4-C28T-Rev 5’ TCAGCAGCGCCTAGCCCGACGCG 3’ 

  

Primers used in ars operon identification by RT-qPCR 

1F 5’ ATGGCCCAGGTTCAATCGATG 3’ 

1R 5’ CCTGAATAACAGAATCCATTTCC 3’ 

2F 5’ ATGGAAATGGATTCTGTTATTCAG 3’ 

2R 5’ GTGGAAACGACTAGATAGTTG 3’ 

3F 5’ ATGGCCAACTATCTAGTCGTTTC 3’ 

3R 5’ TCAGCATTTGAGGCAGCATCG 3’ 

4R 5’ GAAAACGCCGATGCCGTAC 3’ 

5R 5’ AGAGTGAAATCGTCATCGATTG 3’ 

27F-16S 5’ AGAGTTTGATCTGGCTCAG 3’ 

1492R-16S 5’ GGTTACCTTGTTACGACTT 3’ 

 



89 
 

CHAPTER 3: THE ARSQ PERMEASE AND TRANSPORT OF THE 
ANTIBIOTIC ARSINOTHRICIN 

 

3.1 Abstract 

The pentavalent organoarsenical arsinothricin (AST) is a natural product 

synthesized by the rhizosphere bacterium Burkholderia gladioli GSRB05. AST is a 

broad-spectrum antibiotic effective against human pathogens such as 

carbapenem-resistant Enterobacter cloacae. It is a non-proteogenic amino acid 

and glutamate mimetic that inhibits bacterial glutamine synthetase. The AST 

biosynthetic pathway is composed of a three-gene cluster, arsQML. ArsL catalyzes 

synthesis of reduced trivalent hydroxyarsinothricin (R-AST-OH), which is 

methylated by ArsM to the reduced trivalent form of AST (R-AST). In the culture 

medium of B. gladioli both trivalent species appear as corresponding pentavalent 

arsenicals, likely due to oxidation in air. ArsQ is an efflux permease that is 

proposed to transport AST or related species out of the cells, but the chemical 

nature of the actual transport substrate is unclear. In this study B. gladioli arsQ 

was expressed in Escherichia coli and shown to confer resistance to AST and its 

derivatives. Cells of E. coli accumulate R-AST, and exponentially-growing cells 

expressing arsQ take up less R-AST. The cells exhibit little transport of their 

pentavalent forms. Transport was independent of cellular energy and appears to 

be equilibrative. A homology model of ArsQ suggests that Ser320 is in the 

substrate binding site. A S320A mutant exhibits reduced R-AST-OH transport, 

suggesting that it plays a role in ArsQ function. The ArsQ permease is proposed 
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to be an energy-independent uniporter responsible for downhill transport of the 

trivalent form of AST out of cells, which is oxidized extracellularly to the active form 

of the antibiotic. 

Key words: Arsinothricin, antibiotic, resistance, efflux permease 

 

3.2 Introduction 

Arsenic is the most prevalent environmental toxic substance. It comes primarily 

from geochemical sources, with lower amounts contributed by human activities 

(Zhu et al., 2014). Arsenic enters our food supply from water, air and soil (Naujokas 

et al., 2013). It has no nutritional value and is both a carcinogen and a toxin. In 

fact, arsenic has been called the King of Poisons (Paul et al., 2022). Soon after the 

origin of life, microbes adapted to the presence of environmental arsenic through 

the evolution of pathways for its detoxification (Liu et al., 2013), with resistance 

genes organized in ars operons (Yang et al., 2012). Even more striking is the ability 

of microbes to utilize this toxic metalloid to gain a competitive advantage over other 

microbes. Early in evolution, bacteria evolved the arsM gene encoding the ArsM 

As(III) S-adenosine methionine (SAM) methyltransferase, which catalyzes 

methylation of inorganic arsenic to form highly toxic methylarsenite (MAs(III) (Chen 

et al., 2019), which has antibiotic properties in extant microbial communities 

(Yoshinaga et al., 2011).  

 

A more recent example of the adaptation of arsenic as a weapon in microbial 

warfare is synthesis of the natural product arsinothricin (2-amino-4-
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(hydroxymethylarsinoyl)butanoic acid or AST) by the soil bacterium Burkholderia 

gladioli GSRB05. AST has broad-spectrum antibiotic action and is effective against 

both gram-positive and gram-negative bacteria, including some of the most 

dangerous human pathogens (Nadar et al., 2019). AST is a non-proteogenic amino 

acid with a chemical structure similar to that of glutamate, where the γ-carboxyl 

group of glutamate is replaced with a methylarsenate moiety through a C-As bond. 

AST is unusual in that the arsenic atom has a pentavalent oxidation state. 

Pentavalent arsenicals in general have relatively low toxicity, and yet AST is as 

toxic as trivalent methylarsenite, one of the most toxic organoarsenicals. This is 

because the predicted mechanism of action of pentavalent AST is through 

inhibition of the enzyme glutamine synthetase, an essential enzyme in most 

bacteria. This is in contrast with trivalent arsenicals that disrupt metabolism by 

reaction with thiol groups in proteins and formation of complexes with small 

molecular weight thiols such as glutathione (Shen et al., 2013).  

 

Recently the AST biosynthetic gene cluster of B. gladioli GSRB05 was shown to 

consist of three genes, arsQML, that are transcriptionally controlled by the product 

of the arsR gene. ArsL catalyzes the formation of R-AST-OH, the reduced trivalent 

form of hydroxyarsinothricin (AST-OH), the unmethylated precursor of AST, from 

inorganic As(III) and the 3-amino-3-carboxypropyl (ACP) group of S-

adenosylmethionine (SAM) (Fig. S1). R-AST-OH is methylated to reduced trivalent 

AST (R-AST) by ArsM, an As(III) SAM methyltransferase. ArsQ is proposed to be 

an efflux permease that extrudes AST-related species from the cells. Efflux is a 
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common final step in bacteria that produce antibiotics because the transporter puts 

the antibiotic into the medium, where it kills susceptible bacteria and 

simultaneously protects the producer from its own antimicrobial agent. In this study 

we characterized ArsQ to identify its substrate(s) and determine its transport 

properties. We propose that the physiological substrate of ArsQ is the reduced 

trivalent form of the antibiotic, R-AST that is oxidized in air to the pentavalent form, 

AST. B. gladioli GSRB05 arsQ was cloned and heterologously expressed in the 

As(III)-hypersensitive strain E. coli AW3110, in which the chromosomal arsRBC 

operon had been deleted (Carlin et al., 1995). ArsQ confers resistance to AST and 

R-AST. Cells of E. coli are not very sensitive to AST-OH or R-AST-OH, but ArsQ 

increases resistance. Cells of E. coli expressing arsQ selectively transport R-AST-

OH and R-AST. Transport is independent of cellular energy and appears to be 

equilibrative. Examination of a homology model of ArsQ based on the structure of 

the divalent anion sodium symporter (DASS) family member VcINDY (PDB ID: 

5ULD) suggested that Ser320 contributes to the substrate binding site. Cells of a 

S320A mutant exhibited reduced uptake of R-AST-OH, consistent with a role in 

ArsQ function. We propose that the ArsQ permease is an energy-independent 

bidirectional uniporter that is responsible for downhill transport of the trivalent form 

of AST in AST-producing B. gladioli GSRB05. R-AST is oxidized extracellularly to 

the active pentavalent form of the antibiotic.  
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3.3 Results  

ArsQ confers resistance to a broad range of arsenicals. Four families of 

organoarsenical efflux permeases, ArsJ (Chen et al., 2016), ArsK (Shi et al., 2018), 

ArsP (Chen et al., 2015) and ArsW (Chen et al., 2021), have previously been 

identified (Fig. 1). Here we identify B. gladioli GSRB05 ArsQ as a member of a 

different group of organoarsenical permeases (Fig. 1). Previously, it appeared that 

ArsQ transports AST, but the true substrate was not identified in that study (Galvan 

et al., 2021). Here the substrate specificity of ArsQ was examined by transgenic 

expression in the As(III)-hypersensitive strain E. coli AW3110 in which the 

chromosomal arsRBC operon had been deleted (Carlin et al., 1995). E. coli cells 

expressing arsQ have been shown to confer resistance to AST (Galvan et al., 

2021).  

 

In this study, we extend the resistance studies to include trivalent R-AST and R-

AST-OH, as well as pentavalent AST and AST-OH (Fig. 2). In general bacteria are 

resistant to low concentrations of pentavalent arsenicals. The antibiotic activity of 

AST is due to its ability to inhibit glutamine synthetase, an essential enzyme in 

nitrogen metabolism (Nadar et al., 2019), while trivalent arsenicals exhibit toxicity 

by binding to protein and small molecule thiols. Both pentavalent AST and trivalent 

R-AST produced substantial inhibition of growth of cells of E. coli AW3110 at a 

concentration of 10 µM, and expression of arsQ conferred resistance to both. In 

contrast, compared with AST, E. coli cells are relatively resistant to the AST 

precursor R-AST-OH and its pentavalent form AST-OH at concentrations as high 
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as 50 µM, but, even so, resistance is increased by arsQ expression. AST did not 

confer resistance to MAs(III) (Fig. S2). indicating that ArsQ is specific for 

substrates in the AST biosynthetic pathway. AST-OH does not inhibit glutamine 

synthetase, which may explain its lower growth inhibition. The results from 

heterologous expression in E. coli are consistent with a physiological role of ArsQ 

in efflux of reduced AST in the producer, B. gladioli GSRB05. 
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Fig. 1. Evolutionary relatedness of ArsQ to other organoarsenical efflux 
permeases. The five phylogenetic trees show that ArsQ forms an evolutionarily separate 
family from the four other known families of organoarsenical efflux permeases. B. gladioli 
ArsQ is indicated (►). ArsK and ArsP both transport and confer resistance to trivalent 
MAs(III). ArsW transports pentavalent MAs(V) and confers resistance to MAs(III) by 
coupling to the ArsV MAs(III) oxidase (Zhang et al., 2022, Chen et al., 2021). ArsJ is an 
efflux permease for 1-arseno-3-phosphoglycerate and couples to glyceraldehyde-3-
phosphate dehydrogenase to confer resistance to arsenate (Chen et al., 2016). NCBI 
accession numbers are indicated. 
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Fig. 2. ArsQ confers resistance to arsenicals in cells of E. coli AW3110. Resistance 
in cells of E. coli AW3110 heterologously expressing ArsQ (white fill) was compared with 
cells with vector plasmid pTrcHisA (black fill). Growth was assayed after overnight 
incubation at 37 °C in the presence of 10 µM AST, 10 µM R-AST, 50 µM AST-OH or 50 
µM R-AST-OH. Growth was normalized to the density of the control cells without 
arsenicals. Data are the mean ± SD (n=3). 

 

ArsQ facilitates uptake of R-AST-OH and R-AST in cells of E. coli. To examine 

the transport properties of ArsQ, uptake of AST and related organoarsenicals was 

examined in E. coli cells expressing arsQ. Stationary phase cells expressing arsQ 

accumulated considerably more R-AST-OH and R-AST compared to cells without 

the arsQ gene (Fig. 3). Little uptake of pentavalent AST or AST-OH was observed 

by E. coli cells with and without arsQ expression. Similarly, ArsQ did not catalyze 

uptake of MAs(III) or trivalent roxarsone (Rox(III)) (Fig. S3). The uptake data 
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suggests that R-AST-OH and R-AST are preferred substrates of ArsQ, with little 

uptake of the pentavalent species or other organoarsenicals. It was not clear how 

cells are sensitive to AST without substantial uptake. Resistance was assayed 

over 24 h or longer, while transport was assayed over a period of minutes, so 

enough AST may permeate over the longer time period to inhibit growth. We also 

considered the possibility that the endogenous E. coli uptake systems that take up 

R-AST adventitiously are not very active or well expressed in stationary phase 

cells, so additional uptake experiments were performed with cells in the 

exponential phase of growth and at a lower concentration of R-AST (10 μM). These 

cells accumulated approximately 3-fold more R-AST compared with stationary 

phase cells (Fig. S4A). Expression of the arsQ gene in these cells reduced 

accumulation (Fig. S4B), which confers resistance. As described below, these 

results are consistent with the function of ArsQ to facilitate bidirectional movement 

of R-AST.  

 

https://www.google.com/search?client=firefox-b-1-d&sxsrf=AJOqlzVd6MP2yNuwfPYxfyjFOIzbKQyzEQ:1674928367878&q=adventitiously&spell=1&sa=X&ved=2ahUKEwiz0ZCz6ur8AhXsVTABHaL0CQ4QkeECKAB6BAgIEAE
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Fig. 3 ArsQ facilitates uptake of R-AST-OH and R-AST in cells of E. coli AW3110. 
Uptake of the following substrates was assayed in cells expressing ArsQ or vector plasmid 
pTrcHis2A: (□,■) R-AST-OH; (◊,◆), R-AST; (○,●) AST; (▼,Δ) AST-OH. All substrates 
were added at 25 μM, final concentration. (Note that (○) is visible only at 2.5 min and 
otherwise is obscured by the (●) symbols). Data are the mean ± SD (n=3). 

 

GlpF does not transport R-AST or R-AST-OH 

GlpF is a channel protein in the inner membrane of E. coli that is responsible for 

facilitated diffusion of polyols into the cells (Sweet et al., 1990). It also serves as 

the major entry route of the trivalent As(III) (Yang et al., 2005) and Sb(III) (Sanders 

et al., 1997). In solution, arsenite is present as the trivalent trihydroxylated species 

As(OH)3, which is likely recognized by GlpF as the inorganic equivalent of a polyol. 

Since our data suggest that ArsQ is specific for the transport of trivalent R-AST-

OH and R-AST, we examined the possibility that GlpF also facilitates uptake of R-
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AST or R-AST-OH. Uptake of R-AST-OH and R-AST was assayed in cells of E. 

coli strain OSBR1, a derivative of strain AW3110 in which glpF was inactivated and 

compared with cells of E. coli AW3110 expressing arsQ. Cells of both E. coli 

OSBR1 and AW3110 exhibited little accumulation of R-AST-OH (Fig. 4A) or R-

AST (Fig. 4B) compared with cells of E. coli AW3110 expressing ArsQ. The level 

of accumulation of R-AST and R-AST-OH were similar in the two strains. In 

comparison, cells of E. coli OSBR1 accumulated little As(III) compared with cells 

of E. coli AW3110, as shown previously (Meng et al., 2004), whether or not the 

cells expressed ArsQ (Fig. 4C). These results demonstrate that ArsQ catalyzes 

uptake of R-AST-OH or R-AST, but GlpF does not. 
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Fig. 4. GlpF does not transport R-AST or R-AST-OH. Uptake of (A) R-AST-OH, (B) R-
AST, (C) inorganic As(III) was assayed in cells of E. coli AW3110 expressing ArsQ (▽) or 
vector plasmid pTrcHis2A (○), or in E. coli strain OSBR1, a derivative of strain AW3110 in 
which glpF was inactivated (□). All substrates were added at 25 μM. Data are the mean ± 
SD (n=3). 

  

ArsQ is an energy-independent permease 

The resistance data suggest that ArsQ catalyzes efflux of R-AST-OH or R-AST 

(Fig. 2), as shown in exponentially-growing cells expressing ArsQ (Fig. S4B). On 

the other hand, stationary phase cells expressing ArsQ catalyze uptake of R-AST-

OH or R-AST (Fig. 3). Taken together, these two sets of data suggest that ArsQ 

catalyzes bidirectional transport of R-AST-OH or R-AST. To examine the energy 

dependence of ArsQ, the effect of the uncoupler carbonyl cyanide 4-

(trifluoromethoxy)phenylhydrazone (FCCP) on uptake of R-AST-OH was assayed 

in cells of E. coli with or without arsQ (Fig. 5A). Uptake of R-AST-OH in ArsQ-

expressing cells was insensitive to FCCP. As a control, ArsQ transport activity was 

compared with that of the known transmembrane arsenite antiporter Acr3, which 

is coupled to the protonmotive force (Fu et al., 2009, Villadangos et al., 2012). The 

acr3 gene from Alkaliphilus metalliredigens was expressed in E. coli AW3110, and 

uptake of As(III) into cells of E. coli AW3110 was reduced by FCCP (Fig. 5B). 

Clearly Acr3 transport activity is uncoupled by FCCP, while ArsQ activity is not. 

These results demonstrate that ArsQ is not coupled to cellular energy and is a 

uniporter that facilitates bidirectional movement of R-AST-OH and R-AST. 
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Fig. 5. R-AST-OH uptake is not energy dependent. (A) Uptake of R-AST-OH was 
assayed in stationary phase cells of E. coli AW3110 expressing ArsQ in the (□) presence 
or (▽) absence of FCCP or (o) vector plasmid pTrcHis2A. (B) Uptake of inorganic As(III) 
was assayed in stationary phase cells of E. coli AW3110 expressing Acr3 in the 
(□).presence or (▽) absence of FCCP or (o) vector plasmid pTrcHis2A. Substrates were 
added at 25 μM, and FCCP was added at 10 μM, final concentrations. Data are the mean 
± SD (n=3). 

 

An ArsQ structural model  

Structural information will be useful to understand the mechanism of ArsQ 

transport and substrate specificity. At this time, there are no structures for ArsQ 

family proteins, but a transmembrane topological analysis predicts that ArsQ has 

11 transmembrane segments (TMs) (Fig. S5). In the NCBI database, ArsQ is 

annotated as a putative member of the GntP family of permeases that transport 

gluconate (Peekhaus et al., 1997). However, no protein structural data are 

available for any member of the GntP family. A search for structural homologs of 

ArsQ identified the divalent anion sodium symporter (DASS) family of divalent 

anion/Na+ symporters that transport di- and tricarboxylic acids or sulfate coupled 

to a Na+ gradient (Nie et al., 2017). An alignment of ArsQ with the 445-residue 

divalent anion/Na+ symporter VcINDY (PDB ID: 5ULD) from Vibrio cholerae (Nie 

et al., 2017), which also has 11 TMs, indicates that the two proteins have 19% 

identity and 31% overall similarity (Fig. 6). A homology structural model based on 

the VcINDY structure with bound terephthalate (Sauer et al., 2020) was 

constructed (Fig. 7A and B). The model includes ArsQ residues 24 to 381 and 

shows 10 TMs (Fig. 7C). Topological connectivity indicates that TM3, 8 and 10 are 

discontinuous and composed of two shorter helices (Fig. S6). Predicted TM11 
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includes residues 283-402, but the model does not extend to those residues, so 

TM11 is not visible in the structural model. 

 

 
 
 
Fig. 6. Sequence alignment of ArsQ and VcINDY. ArsQ from Burkholderia gladioli 
GSRB05 (BgArsQ, accession number: WP_219608245.1) was aligned with the 
Na+/succinate transporter INDY from Vibrio cholerae (VcINDY, accession number: 
WP_071919799.1). Identical residues (*) are highlighted in black, and related residues 
(:,.) are highlighted in gray. Ser320 in BgArsQ and Ser377 in VcINDY are highlighted in 
red. The multiple alignment was calculated with CLUSTAL W. 

https://www.ncbi.nlm.nih.gov/protein/WP_071919799.1?report=genbank&log$=protalign&blast_rank=4&RID=M2RMZ0ED013
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Fig. 7. ArsQ homology structural model. The predicted ArsQ structural model is shown 
as cartoon representation. Transmembrane segments (TMs) are shown as α-helices in 
different colors from the side (A) or top (B) relative to the plasma membrane. C, TMs are 
shown in cylindrical representation in a membrane to illustrate topological connectivity. 
Models were visualized with PyMOL. 

 

 

A putative contribution of Ser320 in ArsQ catalysis 

In the VcINDY structure the terephthalate binding site includes Ser377, which is 

considered crucial for substrate binding and transport. That residue corresponds 

to Ser320 in ArsQ (Fig. 6). To examine whether Ser320 plays a role in ArsQ 

activity, it was changed to an alanine residue. The level of expression of histagged 
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wild type ArsQ and the S320A protein in cells of E. coli AW3110 was estimated by 

immunoblot analysis using anti-histag antibodies (Fig. S7). The altered protein was 

present in the membrane in approximately the same amount and migrated with the 

same mobility as wild type ArsQ, indicating that the mutation did not affect 

expression. Expression of arsQS320A led to a decrease in transport of R-AST-OH 

by about 80% (Fig. 8A). Interestingly, there was little change in R-AST transport 

activity (Fig. 8B). Serine and alanine differ only by the presence of a hydroxyl 

group, and R-AST-OH and R-AST differ only by the substitution of a methyl group 

for a hydroxyl group. We hypothesize that this apparent change in substrate 

specificity might be influenced by a change in polarity in the binding site, leading 

to loss of a hydrogen bond to R-AST-OH. This will be tested in future experiments 

by substitutions with other polar residues of similar size such as threonine or 

cysteine, or with larger amino acid residues. The structural model also allows 

identification of other residues in the predicted substrate binding site. 
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Fig. 8 Effect of S32A substitution on transport of R-AST-OH and R-AST. Uptake of 
(A) R-AST-OH or (B) R-AST was assayed in stationary phase cells expressing ArsQ (▽), 
S320A () or with vector plasmid pTrcHis2A (o). Substrates were added at 25 μM, final 
concentration. Data are the mean ± SD (n=3). 
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3.4 Discussion 

The bacterium Burkholderia gladioli GSRB05 found in the rice rhizosphere 

produces AST, an arsenic-containing natural product (Kuramata et al., 2016). AST 

possesses a broad-spectrum antibiotic activity and acts by the inhibition of 

bacterial glutamine synthetase (Nadar et al., 2019). Recently, the gene cluster for 

AST biosynthesis was shown to be a three gene cluster, arsQML. The arsL and 

arsM gene products are sufficient to catalyze sequential steps in the biosynthesis 

of AST. ArsL is proposed to be a non-canonical radical SAM enzyme that catalyzes 

synthesis of the precursor, R-AST-OH from inorganic arsenite and the ACP moiety 

from SAM. The second step is catalyzed by ArsM, a SAM methyltransferase that 

methylates the R-AST-OH to the reduced trivalent form of AST (R-AST). ArsQ is 

proposed to be an efflux permease responsible for the transport of the antibiotic 

out of the cell (Galvan et al., 2021). However, it is not clear whether the 

physiological substrate of ArsQ is the pentavalent or the trivalent species. In this 

study, we characterized the substrate specificity and transport properties of ArsQ. 

 

Antibiotic-producing bacteria usually extrude the antibiotic from the cell, both to 

confer resistance to the producer and to inhibit growth of competitors (Li et al., 

2015). Since ArsQ is found in the AST biosynthetic gene cluster, it is reasonable 

to expect that it serves as an efflux permease for substrates, intermediates or 

products in the AST biosynthetic pathway. Although ArsQ confers moderate 

resistance to a variety of substrates and products in the pathway, data from our 

study suggests that it is specific for transport of the trivalent species, both R-AST-
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OH and R-AST. We propose that trivalent R-AST, the end product of the B. gladioli 

biosynthetic pathway, is released into the medium by ArsQ and oxidized by air to 

the antibiotic AST, where it can kill competitors. 

 

GlpF is a channel in the inner membrane of E. coli belonging to the major intrinsic 

protein (MIP) family of transmembrane channel proteins. It is a nonselective carrier 

protein that facilitates the diffusion of polyols such as glycerol in E. coli (Sweet et 

al., 1990). In addition to glycerol, GlpF serves as a channel for trivalent metalloids 

(Sanders et al., 1997, Yang et al., 2005). Our data show that GlpF is not a channel 

for trivalent R-AST-OH or R-AST.  

 

However, similar to GlpF, ArsQ transports its substrate independent of energy, in 

contrast to Acr3, an As(OH)3/H+ exchanger. With ArsQ, R-AST-OH and R-AST flow 

out of cells down their concentration gradients following synthesis in Burkholderia 

gladioli GSRB05. R-AST is rapidly oxidized to AST, which prevents its reuptake. 

The extracellular R-AST-OH is oxidized more slowly and can re-enter the cells to 

be methylated to R-AST. Thus, by mass action, re-uptake of R-AST-OH results in 

conversion to AST. This is supported by the observation that AST-OH appears in 

the B. gladioli culture medium at early times, and then its levels decrease, while 

AST appears at later times and continues to increase, a clear precursor-product 

relationship (Kuramata et al., 2016, Galvan et al., 2021). 
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The situation in E. coli is different from that in the AST producer B. gladioli. We 

propose that E. coli takes up AST and derivatives adventitiously by one or more 

as-yet unidentified transport systems. Our data show that R-AST transport activity 

is low in stationary phase cells but substantially higher in exponentially growing 

cells (Fig. S4). The accumulated R-AST is released down its concentration 

gradient when ArsQ is expressed. Then why do stationary phase cells take up R-

AST when ArsQ is expressed rather than releasing it (Fig. 2)? We assume that 

when stationary phase cells are exposed to 2.5-fold more R-AST, and uptake is 

low because the endogenous transporters have relatively poor activity, the 

extracellular concentration of R-AST is higher than the intracellular, so ArsQ would 

then facilitate uptake. In summary, ArsQ facilitates efflux of R-AST in exponential 

phase cells exposed to low R-AST, and facilitates uptake in stationary phase cells 

exposed to higher R-AST. Thus, the direction of R-AST movement catalyzed by 

the bidirectional ArsQ uniporter depends both on the activity of the uptake 

system(s) and the concentration of added R-AST. This hypothesis will be tested in 

future experiments, and the endogenous uptake systems for AST and derivatives 

will be identified. 

 

ArsQ is annotated as a GntP family member in the NCBI database, but annotations 

do not always reflect functional similarities. ArsQ is smaller (408 amino acid 

residues) than the average GntP protein of approximately 445 residues. GntP 

family members are predicted to have 12-14 transmembrane α-helices (Peekhaus 

et al., 1997), while ArsQ is predicted to have only 11. On the other hand, we 
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identified the 11-TM succinate transporter from Vibrio cholerae VcINDY (PDB ID: 

5ULD) as a structural homolog of ArsQ. VcINDY is a member of the DASS family 

of transporters that includes cotransporters and exchangers that import di- and 

tricarboxylates into cells. The crystal structure of VcINDY with bound terephthalate 

was used as a template for construction of an ArsQ structural model. Ser377 in the 

terephthalate binding site of VcINDY corresponds to Ser320 in ArsQ, which led to 

the prediction that S320 may be involved in ArsQ catalysis. The serine to alanine 

substitution in ArsQ led to a significant decrease in transport of R-AST-OH. 

Interestingly, the S320A transported R-AST with nearly normal efficiency, 

suggesting that the ArsQ substrate binding site had a change in selectivity as a 

result of the mutation. The chemical difference between AST-OH and AST is 

replacement of a polar hydroxyl group in the former with a nonpolar methyl group 

in the latter. The hydroxyl and methyl groups are isosteric, both should fit equally 

well into the substrate binding site of ArsQ. We speculate that the nonpolar alanine 

residue is less able to interact with the hydroxyl group in R-AST-OH but retains the 

ability to interact with the methyl group in R-AST. Later experiments will include 

mutagenesis of other residues in the predicted substrate binding site of ArsQ to 

elucidate their contribution to ArsQ function. In summary, our data suggests that 

ArsQ is an energy-independent uniporter for trivalent R-AST. Future studies will 

focus on elucidating the structure of ArsQ and its relationship to function. 

 

 

 



112 
 

3.5 Materials and methods  

Chemicals. Unless otherwise indicated, chemicals were purchased from Sigma-

Aldrich. The L-enantiomer of arsinothricin (L-AST) was purified from cultures of B. 

gladioli GSRB05, whereas D,L-hydroxyarsinothricin (D,L-AST-OH) was chemically 

synthesized, as described previously (Kuramata et al., 2016, Nadar et al., 2019, 

Suzol et al., 2020). In the experiments described below, the concentration of L-

AST-OH was calculated as half of the total added D,L-AST-OH. Pentavalent 

arsenicals were reduced as described (Reay & Asher, 1977). The reduced species 

were analyzed by high pressure liquid chromatography (NexSar HPLC, Perkin 

Elmer, Waltham, MA) coupled with inductively coupled mass spectroscopy (ICP-

MS) (NexION 1000; PerkinElmer) (Qin et al., 2006). 

 

Strains, media, and growth conditions. E. coli AW3110 (Δars::cam F- IN(rrn-

rrnE)) (Carlin et al., 1995), which is As(III) hypersensitive, was used for most 

studies. OSBR1 (Δars::cam F−IN(rrn-rrnE, ΔGlpF)), an AW3110 derivative with a 

glpF disruption (Sanders et al., 1997), was used for transport assays. E. coli strains 

were grown aerobically at either 30 °C or 37 °C in either lysogeny broth (LB) 

medium or M9 basal salts medium (Sambrook et al., 1989), as noted, 

supplemented with 0.4% glycerol, 0.1 mM CaCl2 and 1 mM MgSO4.  

 

Preparation of wild type and mutant arsQ genes. B. gladioli wild type arsQ and 

mutant arsQS320A genes GSRB05 arsQ was purchased from GenScript 
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(Piscataway, NJ, USA) and cloned in plasmid pTrcHisA (Thermo Fisher Scientific, 

Inc., Waltham, MA, USA). 

 

Resistance assays. For resistance assays, competent cells of AW3110 were 

transformed with constructs bearing arsQ genes or the control vector. Cells were 

grown overnight with shaking at 37 °C in LB medium with antibiotics supplemented 

with 25 μg/ml chloramphenicol (Cm) and 100 μg/ml ampicillin (Ap), final 

concentrations. Overnight cultures were washed with and suspended in 0.9% 

NaCl, and diluted 100-fold or to an A600nm = 0.05 in M9 medium containing various 

concentrations of organoarsenicals and incubated at 37 °C with shaking for an 

additional 24 h. Growth was estimated from the absorbance at 600nm.  

 

Transport assays. Transport assays were performed with either exponential or 

stationary phase cells. Overnight cultures of E. coli cells were diluted 100-fold and 

grown to A600nm = 0.5 (exponential phase) or A600nm = 1 (stationary phase) at 37 °C 

with aeration in LB medium. The cells were harvested, washed and suspended in 

M9 medium at A600nm = 10. To initiate the transport reaction, AST, R-AST, AST-

OH or R-AST-OH was added at a final concentration of 25 μM to 2 ml of cell 

suspension. The uncoupler carbonyl cyanide 4-

(trifluoromethoxy)phenylhydrazone (FCCP) was added at a final concentration of 

10 μM. Portions (0.1 ml) from the cell suspension were withdrawn at the indicated 

times, filtered through nitrocellulose filters (0.2-μm pore diameter; EMD Millipore, 

Billerica, MA), and washed at room temperature with 5 ml of M9 medium. The 
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filters were digested with 0.2 ml of concentrated HNO3 (70%, ≥ 99.999% trace 

metals basis) at 70 °C for 30 min. The dissolved filters were allowed to cool to room 

temperature and diluted with HPLC-grade water to produce a final HNO3 

concentration of 2%. Arsenic was quantified by ICP-MS. Standard solutions were 

made in the range of 1 - 50 ppb in 2% nitric acid using arsenic standard (Ultra 

Scientific, N. Kingstown, RI).  

 

Immunological detection of ArsQ. Immunoblot analysis was used to detect 

expression of wild type and mutant ArsQ proteins. Membranes from E. coli were 

prepared for immunoblot analysis as described previously (Villadangos et al., 

2012). E. coli cultures were grown in 1 L of LB medium with 50 μM isopropyl β-d-

1-thiogalactopyranoside as inducer at 37 °C to A600nm = 0.6 for 2 h. Cells were 

harvested by centrifugation, and the pellet suspended in a buffer consisting of 75 

mM HEPES-KOH, pH 7.5, 0.15 M KCl, 1 mM MgSO4 and 0.25 M sucrose, and 

lysed by passage through a French pressure cell at 4000 psi. The lysate was 

treated with 0.5 mM diisopropyl fluorophosphate and 10 μg/ml DNase I, final 

concentrations, at 37 °C for 15 min, and centrifuged at 27,000 x g for 20 min at 4 

°C to remove unbroken cells and cell debris. The supernatant suspension was 

centrifuged at 105,000 x g for 1 h, and the membrane fraction was suspended in 

the same buffer. Protein content was determined using a Pierce™ BCA Protein 

Assay Kit (Thermo Fisher Scientific, Inc.). Membrane proteins were separated by 

sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis (PAGE) on 10% 

acrylamide gels and transferred to a Schleicher & Schuell Protran® nitrocellulose 
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transfer membrane (PerkinElmer). Immunoblot analysis was performed according 

to the manufacturer’s directions using a Western Lighting Ultra 

Chemiluminescence Substrate Kit and an anti-mouse IgG to the six-histidine tag 

(PerkinElmer). 

 

Phylogenetic analysis 

Multiple alignment of ArsQ homolog sequences was performed using Clustal 

Omega (http://www.ebi.ac.uk/Tools/msa/clustalo/). Acquisition of ArsQ sequences 

was performed by searching the National Center for Biotechnology Information 

(NCBI) protein database using a BLASTP protein basic local alignment search 

(Johnson et al., 2008). Phylogenetic analysis was performed to infer the 

evolutionary relationship among the ArsQ proteins from various organisms. The 

phylogenetic trees were constructed using the Neighbor-Joining method using 

MEGA 6.0.1 (Tamura et al., 2013). The statistical significance of the branch 

patterns was estimated by conducting a 1000 bootstrap. 

 

Topological analysis and construction of an ArsQ structural homology 

model. The prediction of the transmembrane helices (TMs) in B. gladioli ArsQ was 

calculated by the on-line TMHMM Server v. 2.0 

(http://www.cbs.dtu.dk/services/TMHMM/). Based on this prediction, the 

intramembrane topological plot was constructed with Protter 

(http://wlab.ethz.ch/protter/) to analyze and illustrate the sequence, topology and 

annotations (Omasits et al., 2014).  

http://www.ebi.ac.uk/Tools/msa/clustalo/
http://www.cbs.dtu.dk/services/TMHMM/
http://wlab.ethz.ch/protter/


116 
 

 

The ArsQ sequence was used for the prediction of the tertiary structure by 

CPHmodels 3.2 (http://www.cbs.dtu.dk/services/CPHmodels/), a comparative 

protein homology modeling server (Nielsen et al., 2010). To examine the structure-

function relationship of ArsQ, a homology model was generated using the SWISS-

MODEL online tool (https://swissmodel.expasy.org/). The structure of VcINDY in 

complex with terephthalate (PDB ID: 6WTX) used as a template (Sauer et al., 

2020). The quality of the three-dimensional structure was assessed by 

PROCHECK (Laskowski et al., 1996). The model was constructed by using 

PyMOL Molecular Graphics System, Version 1.3, Schrodinger LLC 

(http://www.pymol.org/). 
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SUPPLEMENTARY INFORMATION 

 

 

Fig. S1. ArsL reaction scheme. In the first step of AST biosynthesis, the radical SAM 

enzyme BgArsL cleaves the Cγ bond of SAM, forming a 3-amino-3-carboxypropyl (ACP) 
radical. This forms a C-As bond with As(III), producing R-AST-OH. In the second step, 
BgArsM uses a second molecule of SAM to methylate R-AST-OH, generating trivalent R-
AST. ArsQ facilitates downhill efflux of R-AST, which spontaneously oxidizes 
nonenzymatically to the antibiotic pentavalent AST. 
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Fig. S2. ArsQ does not confer resistance to MAs(III) in cells of E. coli  AW3110. 
Resistance in cells of E. coli AW3110 expressing ArsQ (white fill) was compared with cells 
with vector plasmid pTrcHisA (black fill) and cells expressing the ArsP MAs(III) efflux 
permease (grey fill). Growth was assayed after overnight incubation at 30 °C in the 
presence of the indicated concentrations of MAs(III). Data are the mean ± SD (n=3). 
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Fig. S3. ArsQ is specific for R-AST uptake. Uptake of the following substrates was 
assayed in stationary cells expressing ArsQ (white fill) or vector plasmid pTrcHis2A (black 
fill). All substrates were added at 25 μM, final concentration. Data are the mean ± SD 
(n=3). 
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Fig. S4. ArsQ facilitates efflux of R-AST in exponential phase cells. A. R-AST uptake 
in cells differs in exponential and stationary phase cells of E. coli. Uptake of R-AST 
was assayed in cells of E. coli AW3110 expressing vector plasmid pTrcHis2A in log phase 
(o) and stationary phase(▽). R-AST was added at 10 μM, final concentration. B. ArsQ 
confers resistance to R-AST by facilitating R-AST efflux in exponential phase cells 
of E. coli AW3110. Uptake of the R-AST was assayed in exponential phase cells 
expressing ArsQ (▽) or vector plasmid pTrcHis2A (o). R-AST was added at 10 μM, final 
concentrations. Data are the mean ± SD (n=3). 
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Fig. S5. Predicted ArsQ transmembrane topology. The secondary structural topology 
view was predicted using the Protter server (http://wlab.ethz.ch/protter/). The predicted 
TM regions are numbered 1-11. 
 
 
 
 

 
 
Figure S6. Structural modeling of ArsQ transmembrane topology. A manually-
generated membrane topology of predicted TMs 1-11 is shown with each TM with residue 
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numbers shown in a different color. The TMs are based on the structural homology model 
except for TM11, which was not included in structural model. 

 

 

 
 
 
Figure S7. Immunoblot analysis of ArsQ and S320A expression. Membrane proteins 
from cells of E. coli strain AW3110 harboring Acr3 (lane 1), vector plasmid pTrcHis2A 
(lane 2), plasmid pTrcHis2A-ArsQ (lane 3) or plasmid pTrcHis2A-ArsQ mutant (lane 4) 
were prepared, separated by SDS-PAGE and immunoblotted with an antimouse IgG to 
the six-histidine tag, as described under Experimental Procedures. 
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CHAPTER 4: IDENTIFICATION OF RESIDUES INVOLVED IN THE FUNCTION 

OF THE ARSQ PERMEASE 

 

4.1 Introduction 

In chapter 2 I reported that the biosynthetic gene cluster for arsinothricin (AST) 

contains the arsQ gene, which encodes a membrane protein with a predicted mass 

of 42.9 kDa (GenBank Accession No. MBW5287223), and we proposed that ArsQ 

is involved in the efflux of AST or related compounds (Galván et al., 2021). In 

chapter 3 I described the relationship of the ArsQ permease to the transport of the 

antibiotic arsinothricin. Phylogenetic analysis shows that ArsQ forms an 

evolutionarily separate family from the four other known families of 

organoarsenical efflux permeases. ArsQ confers resistance to AST and R-AST in 

cells of E. coli and selectively transports R-AST and R-AST-OH. The transport of 

these substrates was independent of cellular energy and appeared to be 

equilibrative. I proposed that the ArsQ permease is an energy-independent 

uniporter responsible for the downhill transport of the trivalent form of AST out of 

cells, which is oxidized extracellularly to the active form of the antibiotic (Paul et 

al., 2023). 

 

Structural information is a major contributor to elucidating the function of a protein. 

I identified that ArsQ is structurally related to members of the DASS family of 

divalent anion/Na+ symporters. In collaboration with other members of my 

laboratory, I constructed a structural model of ArsQ based on the crystal structure 

https://www.ncbi.nlm.nih.gov/protein/MBW5287223
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of a member of the DASS family, VcINDY (PDB ID: 5ULD) from Vibrio 

cholerae, with bound terephthalate, a substrate analog (Sauer et al., 2020). 

Ser377 in the terephthalate binding site of VcINDY corresponds to Ser320 in ArsQ, 

which led to the prediction that Ser320 may be involved in ArsQ catalysis. A serine-

to-alanine substitution in ArsQ led to a significant decrease in R-AST-OH transport. 

Interestingly, the S320A derivative transported R-AST with nearly wild-type 

efficiency (Paul et al., 2023).  

 

Protein cysteine residues are structurally and functionally crucial because of their 

ability to form disulfide bonds to stabilize proteins and maintain their integrity. 

Cysteines are used in the active site to bind substrates due to their ability to form 

intramolecular and extra molecular disulfide bonds. Cysteine residues often form 

two- and three-coordinate arsenic binding sites (Wang et al., 2014). Alignment of 

BgArsQ with other orthologs identified a conserved cysteine, Cys104, which was 

mutated to alanine to examine its contribution to ArsQ function. However, the 

ArsQC104A mutant was not sufficiently expressed to draw any conclusions. Cys104 

is more likely involved in ArsQ stability than  a catalytic role in transport. 

 

Using the ArsQ structural model, I identified other charged residues around Ser320 

(Fig.1). Site-directed mutagenesis of these charged substrates in the predicted 

substrate-binding site was employed to elucidate their contribution to ArsQ 

function. These residues and the mutations include D106A, R262A, R263A, 

S320C, S320A, S321A, and D362A (Fig. 2). Currently, I am examining whether 
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the mutant proteins are expressed by immunoblotting analysis. In subsequent 

experiments, I will perform transport studies to analyze the possible contribution of 

each residue to ArsQ function. 

 

  

Fig. 1 S320 and other residues within the ArsQ predicted residue-binding site 
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Table 1: Primers used for site-directed mutagenesis 

 

 

 

 

 

PRIMERS SEQUENCE 

ArsQ-D106A-Forward 5'-gcatggtttgccccgccacatcttacgccac-3' 

ArsQ-D106A-Reverse 5'-gtggcgtaagatgtggcggggcaaaccatgc-3' 

ArsQ-R262A-Forward 5'-ggagtcggcagtggcccgtagtgcatcg-3' 

ArsQ-R262A-Reverse 5'-cgatgcactacgggccactgccgactcc-3' 

ArsQ-R263A-Forward 5'-gtcggcagtgcgcgctagtgcatcgctc-3' 

ArsQ-R263A-Reverse 5'-gagcgatgcactagcgcgcactgccgac-3' 

ArsQ-S321A-Forward 5'-gtcatcaacggctcggcgctggcaacgtttg-3' 

ArsQ-S321A-Reverse 5'-caaacgttgccagcgccgagccgttgatgac-3' 

ArsQ-D362A-Forward 5'-gcgatccttccgaatgccagctacttttggctg-3' 

ArsQ-D362A-Reverse 5'-cagccaaaagtagctggcattcggaaggatcgc-3' 

ArsQ-S320C-Forward 5'-attattcaaagtcatcaacggctgctcgctggcaacgttt-3' 

ArsQ-S320C-Reverse 5'-aaacgttgccagcgagcagccgttgatgactttgaataat-3' 

ArsQ-S321C-Forward 5'-tcatcaacggctcgtgcctggcaacgtttgcg-3' 

ArsQ-S321C-Reverse 5'-cgcaaacgttgccaggcacgagccgttgatga-3' 
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Fig. 2 Sequence alignment of wild-type ArsQ with mutants. Sections of alignments of 

wild-type ArsQ represented as Seq_1 with the ArsQ mutants, D106A, S320C, R262A, 

R263A, S321A, S321C, D362A represented as Seq_2. 

 

 

 



133 
 

4.2 Materials and methods 

Media and growth conditions: Cells were grown aerobically at either 30 °C or 37 

°C in lysogeny broth (LB) medium.  

Cloning and expression: B. gladioli wild type arsQ and mutant arsQS320A genes 

were purchased from GenScript (Piscataway, NJ, USA) and cloned in plasmid 

pTrcHisA (Thermo Fisher Scientific, Inc., Waltham, MA, USA).  

Site-directed mutagenesis: Other ArsQ mutants were generated by site-directed 

mutagenesis. Mutations were introduced using a PCR protocol into plasmid using 

primers designed using the online QuikChange Primer Design program 

(https://www.agilent.com/store/primerDesignProgram.jsp) (Table 1). Unmutated 

plasmid pTrcHis2AarsQ was removed from the reaction mixture by digesting the 

methylated DNA with restriction enzyme DpnI (New England Biolabs, Ipswich, MA, 

USA). Each mutated plasmid was transformed into competent cells of E. coli 

AW3110, purified, and the presence of the mutation verified by sequencing using 

pTrc vector pSE3805 (forward and reverse) primers. 

Immunological detection of mutant ArsQ: Immunoblot analysis was used to 

detect expression of wild-type and mutant ArsQ proteins. Membranes from E. 

coli were prepared for immunoblot analysis as described previously (Villadangos 

et al., 2012). E. coli cultures were grown in 1 L of LB medium with 50 μM isopropyl 

β-d-1-thiogalactopyranoside as inducer at 37 °C to A600nm = 0.6 for 2 h. Cells were 

harvested by centrifugation, and the pellet suspended in a buffer consisting of 

75 mM HEPES-KOH, pH 7.5, 0.15 M KCl, 1 mM MgSO4, and 0.25 M sucrose, and 

https://www.agilent.com/store/primerDesignProgram.jsp


134 
 

lysed by passage through a French pressure cell at 4000 psi. The lysate was 

treated with 0.5 mM diisopropyl fluorophosphate and 10 μg/mL DNase I, final 

concentrations, at 37°C for 15 min, and centrifuged at 27,000 x g for 20 min at 4°C 

to remove unbroken cells and cell debris. The supernatant suspension was 

centrifuged at 105,000 x g for 1 h, and the membrane fraction was suspended in 

the same buffer. Protein content was determined using a Pierce™ BCA Protein 

Assay Kit (Thermo Fisher Scientific, Inc.). Membrane proteins were separated by 

sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS PAGE) on 10% 

acrylamide gels and transferred to a Schleicher & Schuell Protran® nitrocellulose 

transfer membrane (PerkinElmer). Immunoblot analysis was performed according 

to the manufacturer's directions using a Western Lighting Ultra 

Chemiluminescence Substrate Kit and an anti-mouse IgG to the six-histidine tag 

(PerkinElmer). 
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CHAPTER 5: IDENTIFICATION OF AST UPTAKE SYSTEM(S) 

5.1 Introduction  

The exposure of microbes to arsenic since the origin of life was a driving force for 

the evolution of arsenic resistance (ars) operons. These operons contain specific 

genes for arsenic detoxification to protect the microbes (Yang & Rosen, 2016). 

However, there are no uptake pathways/systems specific to arsenic since arsenic 

is not essential for life. Therefore, all arsenic uptake pathways are adventitious via 

a variety of transporters for minerals and nutrients, such as phosphate, glycerol 

and glucose transporters (Garbinski et al., 2019). 

AST is a pentavalent broad-spectrum antibiotic effective against Gram-positive 

and Gram-negative bacteria (Nadar et al., 2019). Our recent data suggested that 

the ArsQ permease is responsible for efflux of reduced trivalent AST out of the 

producer cell, which is then oxidized to the active form of the antibiotic (Galván et 

al., 2021; Paul et al., 2023). We propose that E. coli takes up AST and derivatives 

adventitiously by one or more transport systems. Given that the target of AST is 

cytosolic glutamine synthetase, it is likely that AST must enter the cell to exert its 

antibiotic activity. In other words, the binding and uptake of most antibiotics into 

the cell is the first step in antibiotic action. Based on its size and charge, AST 

probably cannot diffuse into the cell but is instead transported into the cell by 

membrane transporters. In an earlier study, our results suggest the presence of 

putative endogenous AST and R-AST transporters that show substantially higher 

transport activity in exponentially growing cells than in stationary phase cells. 
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However, we did not identify these transporters in that study (Paul et al., 2023). 

Identifying and understanding the AST uptake system(s) is crucial for its 

development as an effective antibiotic. For instance, the pharmacological 

upregulation of the identified AST transporter(s) could be employed to enhance its 

activity in bacteria.  

This study aims to search for the gene(s) responsible for accumulation of AST in 

Escherichia coli, which is sensitive to AST. AST acts by the inhibition of bacterial 

glutamine synthetase (GS), similar to the sulfur and phosphorus mimetics of 

glutamate, methionine sulfoximine (MSO), and phosphinothricin (PT) (Nadar et al., 

2019). L-MSO is a GS inhibitor effective against Mycobacterium tuberculosis 

(Harth & Horwitz, 1999). However, it is not in use as a treatment due to high rates 

of spontaneous resistance (Carroll et al., 2011). L-PT is a Streptomyces antibiotic 

commonly used as an effective broad-spectrum systemic herbicide commercially 

available with the trade name Glufosinate (Lamberth, 2016; Metcalf & Van Der 

Donk, 2009). The cyanobacterium Nostoc muscorum has a transport system for 

methionine and methionine/glutamate analogs, methionine sulfoximine and 

phosphinothricin (Singh et al., 2008). L-methionine and L-glutamine prevent 

growth inhibition by methionine sulfoximine by blocking the uptake of methionine 

sulfoximine into the cell (Meins & Abrams, 1972) - further evidence for the use of 

a common transport system by these GS inhibitors and their amino acid analogs. 
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5.1.1 Hypotheses 

1. I hypothesize that, since it is chemically similar to glutamate, AST may be 

transported into the cells by transporters for glutamate or related amino 

acids. To examine this possibility, I analyzed AST's uptake and growth 

inhibitory activity in the presence and absence of structurally analogous 

amino acids. 

2. Alternatively, AST uptake may use as-yet-unidentified transporters. I used 

random Tn5 mutagenesis in E. coli AW3110 to create AST-resistant 

mutants. I hypothesize that Tn5 inserted into gene(s) involved in uptake 

and, consequently, sensitivity to AST. 

 

5.2 Preliminary Results 

Growth inhibition by AST is reversed by glutamine and methionine, but not 

glutamate: The growth inhibition of AST was compared to PT and MSO in the 

presence or absence of three structurally analogous amino acids: glutamate, 

glutamine and methionine (Fig. 1A). AST completely inhibits growth at 25 µM, 

which is much lower than inhibitory concentrations of MSO or PT. In contrast to 

inhibition by MSO and PT, AST inhibition is not reversed by glutamate, indicating 

that it is not transported by glutamate permeases (Fig. 1B). These data suggest 

that AST is a more potent GS inhibitor than other known GS inhibitors. Inhibition 

by all three GS inhibitors is reversed by glutamine or methionine. It is not surprising 

that the inhibitory effect of MSO and PT is reversed by glutamate and glutamine, 

as these amino acids are analogs of the substrate and product, respectively, in the 
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glutamine biosynthetic pathway. AST is also a substrate of GS, and its inhibition is 

reversed by glutamine, so it is not clear why glutamate does not reverse inhibition. 

On the other hand, L-glutamine has been shown to prevent growth inhibition by 

MSO by blocking its uptake (Meins & Abrams, 1972), so perhaps AST is also taken 

up by a glutamine transporter. 

 

Although methionine is not in the glutamine biosynthesis pathway, it has significant 

chemical similarity to the GS inhibitors. Methionine, MSO and PT are taken up by 

the same transporter, which explains why methionine reverses MSO and PT 

inhibition (Singh et al., 2008). I propose that AST might be taken up by this 

transporter. To test this hypothesis, I compared the uptake activity of AST in the 

presence and absence of methionine. 

 

  
 
Fig. 1 Growth inhibition by AST is reversed by glutamine and methionine, but not 
glutamate. a. Chemical structures of amino acids and the GS inhibitors. b. Inhibition by 
AST, MSO and PT. Growth was assayed after overnight incubation at 37 °C in the 
presence of L-AST (25 µM), L-MSO (50 µM) or D,L-PT (500 µM) and with 1 mM of 
methionine, glutamine or glutamate. Data are the mean ± SD (n=3). 
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Methionine does not significantly inhibit AST uptake: I propose that AST is 

taken up by methionine permeases, so that the reversal of AST inhibition by 

methionine is due to inhibition of AST uptake. To test this idea, I assayed uptake 

of 25 µM AST in the presence or absence of 1 mM methionine but observed no 

significant difference in AST uptake with or without methionine (data not shown). 

To examine this question in more detail, I considered the possibility that any of the 

known methionine uptake systems can take up AST.  At least two systems have 

been reported for methionine uptake in E. coli; the high-affinity system, MetD, and 

the lower affinity system, MetP (Kadner, 1974, 1975; Kadner & Watson, 1974). 

The E. coli metD operon encodes an ABC transporter with three 

subunits, metN, metI, and metQ (Merlin et al., 2002). My preliminary results with 

two mutants defective in a subunit of the metD locus (ΔmetN and ΔmetQ, table 1) 

showed no difference in AST uptake activity compared to the parent strains without 

the mutations, which seems to eliminate the possibility that MetD is involved in 

AST uptake. AST might use the low-affinity MetP methionine permease. I will 

perform further experiments with double mutants lacking both uptake systems to 

examine whether methionine permeases play any role in AST transport. 

 

Tn5 random mutagenesis produces AST-resistant mutants: A different 

approach to identify AST uptake system(s) is by random mutagenesis of E. coli 

with selection for AST resistant mutants. I created a random transposon insertion 

library using bacterial conjugation between E. coli AW3110 - Cmr (recipient) and E. 

coli S17-1 pSup102::Tn5B20 - Kmr (donor) (Fig. 2). Appropriate dilutions of the 
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mutant library were plated in M9 agar plates and agar broth containing 50 µM AST. 

A few AST-resistant colonies were isolated (Fig. 3). 

 

 

Fig. 2 Creation of a transposon insertion mutant library.  The transposon insertion 
library was created using bacterial conjugation between E. coli AW3110 and E. coli S17-
1, as described in Experimental Procedures. 

 

 

 

 

 

 

 

 
 
 
Fig. 3 Selection of AST-resistant mutants.  Serial dilutions of the mutant library were 
plated on LB agar plates to determine the optimal number of cells per plate. The 
appropriate dilutions were plated on M9 agar plates with and without AST to select the 
AST-resistant colonies. 
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DNA sequence analysis of AST-resistant mutants: To identify the gene(s) into 

which Tn5 inserted, DNA was purified from AST-resistant mutants using OMEGA 

bio-tek E.Z.N.A® Bacterial DNA Kit according to manufacturer’s manual, and sent 

to SeqCenter (SeqCenter, Pittsburg, PA, USA) for genome sequencing. Sequence 

analysis of one of the insertions identified a regulatory gene PyjhI. PyjhI is a 

transcription factor involved in the positive regulation of a D-xylonate-inducible 

operon, including a transporter gene yjhF (Bañares et al., 2019). I hypothesize that 

AST utilizes this transporter to get into the cell and that the disruption of 

PyjhI resulted in reduced expression of yjhF, leading to AST resistance. This 

hypothesis is plausible, and I will design experiments to test it. 

 
 
 
Table1: Strains used in the study. 
 

Strain Description/genotype Source/reference 

E. coli W3110 K12 F2 IN(rrnD-rrnE) Bachman, B.J 1987 

E. coli AW3110 ars::cam F- IN(rrnD-rrnE). Cmr Carlin et al., 1995 

E. coli S17-1 pSup102::Tn5B20– Kmr A gift from Dr. 
Timothy McDermott 

E. coli k-12 
BW25113 

Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, rph-
1, Δ(rhaD-rhaB)568, hsdR514 

 

Purchased from 
CGSC 

E. coli JW0195-1 
(ΔmetN) 

Δ(araD-
araB)567, ΔmetN724::kan, ΔlacZ4787(::rrnB-3), λ-

, rph-1, Δ(rhaD-rhaB)568, hsdR514 

Purchased from 
CGSC 

E. coli JW0193-
1(ΔmetQ) 

Δ(araD-
araB)567, ΔmetQ722::kan, ΔlacZ4787(::rrnB-3), λ-

, rph-1, Δ(rhaD-rhaB)568, hsdR514 
 

Purchased from 
CGSC 
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5.3 Materials and methods 

Chemicals: AST was purified as previously described (Galván et al., 2021) as a 

modification of the original method (Kuramata et al., 2016). I determined the 

concentration and purity of purified AST by inductively coupled plasma mass 

spectrometry (ICP-MS) (NexION 1000; PerkinElmer, Waltham, MA, USA) and 

high-pressure liquid chromatography (HPLC) (NexSar HPLC, Perkin Elmer) 

coupled to ICP-MS, respectively. Biologically synthesized AST is assumed to be 

the L-enantiomeric form. Commercial MSO and PT were purchased from Sigma-

Aldrich Co. LLC (St. Louis, MO, USA) as the L, and D, L-enantiomers, respectively. 

L-glutamic acid and L-methionine were from Sigma-Aldrich Co. LLC (St. Louis, 

MO, USA), while L-glutamine was purchased from Alfa Aesar. 

 

Strains and media: The strains used are described in Table 2. E. coli cultures 

were grown aerobically overnight with shaking in lysogeny broth (LB) medium at 

37°C, respectively. M9 medium was supplemented with 0.4% glucose, 0.1 mM 

CaCl2, and 1 mM MgSO4. Antibiotics were supplemented at the following final 

concentrations: 25 μg/ml chloramphenicol (Cm) and 25 μg/ml kanamycin (Km). 

 

Growth inhibition assays. For growth inhibition assays, E. coli W3110 

(Bachmann, 1996) was grown overnight with shaking at 37 °C in LB medium 

without antibiotics. Overnight cultures were washed with and suspended in 0.9% 

NaCl and diluted 100-fold or to an A600nm = 0.05 in M9 medium with 1 mM 

glutamate, glutamine, or methionine. The GS inhibitors were added at a final 
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concentration of 25 µM L-AST, 50 µM L-MSO or 500 µM D,L-PT and incubated at 

37 °C with shaking for an additional 24 h. Growth was estimated from the 

absorbance at 600nm.  

 

Transport assays. Overnight cultures of E. coli cells were diluted 10-fold and 

grown to A600nm = 1 at 37 °C with aeration in LB medium. The cells were harvested, 

washed and suspended in M9 medium at A600nm = 10, and methionine was added 

to a final concentration of 1 mM.  To initiate the transport reaction, AST at a final 

concentration of 25 μM to 2 ml of cell suspension. Portions (0.1 ml) from the cell 

suspension were withdrawn at 5, 30, and 60 minutes, filtered through nitrocellulose 

filters (0.2-μm pore diameter; EMD Millipore, Billerica, MA), and washed at room 

temperature with 5 ml of M9 medium. The filters were digested with 0.2 ml of 

concentrated HNO3 (70%, ≥ 99.999% trace metals basis) at 70 °C for 30 min. The 

dissolved filters were allowed to cool to room temperature and diluted with HPLC-

grade water to produce a final HNO3 concentration of 2%. Arsenic was quantified 

by ICP-MS. Standard solutions were made in the range of 1 - 50 ppb in 2% nitric 

acid using arsenic standard (Ultra Scientific, N. Kingstown, RI).  

 

Random Tn5-mediated mutagenesis: Overnight cultures of E. coli AW3110 - 

Cmr (recipient) (Carlin et al., 1995) and E. coli S17-1 pSup102::Tn5B20 - Kmr 

(donor) were diluted a hundred-fold and grown to A600nm = 0.6 and 0.9, respectively. 

3 ml of the recipient strain and 1.5 ml of the donor strain were centrifuged, mixed, 

and resuspended in 30 µL of LB. The mixture was spotted directly onto the surface 
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of LB agar and incubated overnight at 37 °C. A loopful of the conjugation mixture 

was streaked on M9 agar plates containing chloramphenicol and kanamycin to 

select the transconjugants. Transconjugants were pooled together to create a 

library of mutants, and appropriate dilutions of the mutant library were plated in M9 

agar plates containing 50 µM AST, and colonies of AST-resistant mutants were 

isolated. 

 

Genome sequence analysis: Illumina whole genome sequencing was performed 

by SeqCenter (SeqCenter, Pittsburg, PA, USA). Data quality control (Adapter 

removal, quality trimming, length filtering) was performed using fastp (Chen, 2023).   

Genome assembly and blast analysis was performed with the sequencing data. 

Briefly, 5 separate assemblies (LM1-LM5, based on the labelling of the DNA 

samples) were generated with SPAdes (Prjibelski et al, 2020)and annotated using 

Prokka (Seemann, 2014) . W3110 strain was used as a reference to improve the 

annotation quality. Next, the complete sequence of Escherichia coli transposon 

Tn5 (U00004) was used as a reference to perform blastN to check which predicted 

genes hit the transposon sequence. Similarly, blastN was performed using 

assembled contigs to determine hits with transposon reference. A contigs blast 

was performed to check for any hits in the intergenic region. 

 
 
 
 
 

https://currentprotocols.onlinelibrary.wiley.com/authored-by/Prjibelski/Andrey
https://nam04.safelinks.protection.outlook.com/?url=https%3A%2F%2Furldefense.com%2Fv3%2F__https%3A%2Fwww.ncbi.nlm.nih.gov%2Fnuccore%2FU00004.1%2F__%3B!!FjuHKAHQs5udqho!Oe-DNhX58caURN8hpXeLsZw4X0nUimIJUy6sO6MtefUnm57CGmRI1RY-wh32xjSSBY0cgozLIjpH36go-Q%24&data=05%7C01%7Csutturka%40purdue.edu%7Ce3e3b486b89746c3a75e08db691b092d%7C4130bd397c53419cb1e58758d6d63f21%7C0%7C0%7C638219337132453122%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000%7C%7C%7C&sdata=34NSXyLMlFyR%2FJcQ0AYH1WnAmMZIjeUO3thcBxVJN7o%3D&reserved=0
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CONCLUSION AND FUTURE DIRECTIONS 

 
Antimicrobial resistance is undoubtedly one of the greatest threats to global health. 

Unfortunately, there is a shortage of effective therapies, and the development of 

new drugs lags behind the emergence of these resistant pathogens. The major 

challenge with antibiotics is profitability, causing many pharmaceutical companies 

to abandon the market. The public health implications of a dwindling antibiotic 

pipeline are significant. Therefore, there is an urgent need to develop novel drugs 

to combat the global drug resistance crisis. 

 

Arsenic is the most ubiquitous environmental toxin, and every organism has been 

exposed to this metalloid since the emergence of life on Earth. Behind its inglorious 

history as a poison, however, arsenic has an even more prestigious history as a 

pharmaceutical agent. Arsenic has been used as therapeutics since ancient times 

in the Greek and Roman civilizations and in Chinese and Indian traditional 

medicine. Various organic and inorganic arsenic compounds have been used as 

anticancer, antiviral, antiparasitic, and antibiotic agents. In Chapter 1, I reviewed 

the use of arsenic as a therapeutic agent in the past, present, and future. 

 

Arsinothricin (2-amino-4-(hydroxymethylarsinoyl)butanoate, or AST) is a newly 

identified broad-spectrum organoarsenical antibiotic. AST was first discovered as 

a natural product synthesized by the rice rhizosphere bacterium 

Burkholderia gladioli strain GSRB05. Given AST’s better antibiotic effectiveness 
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compared to known GS inhibitors, it has the potential to usher in a new class of 

organoarsenical antibiotics. This dissertation aims to identify the AST biosynthetic 

gene cluster and study its transport in and out of cells. 

 

In Chapter 2, I described in detail our laboratory’s study of the AST biosynthetic 

gene cluster (BGC). I showed that only three genes, two of which are novel, are 

required for the biosynthesis and transport of arsinothricin. The arsQML genes 

comprise an As(III)-responsive ars operon controlled by an ArsR repressor. The 

discovery of the AST BGC will provide insight for developing more effective 

organoarsenical antibiotics, illustrate the previously unknown complexity of the 

arsenic biogeochemical cycle, and bring a new perspective to environmental 

arsenic biochemistry.  

 

Understanding drug transport is crucial for the development of effective 

antimicrobial therapy. One of the genes in the AST BCG, the arsQ gene, is a 

membrane protein involved in transporting the product(s) of the AST biosynthetic 

pathway. In Chapter 3, I described my study of ArsQ by heterogeneous expression 

of the BgarsQ gene in E. coli.  My objective was to characterize the function of 

ArsQ and the chemical nature of its substrate(s). Expression of the arsQ gene 

confers resistance against the antibiotic. ArsQ selectively transports R-AST-OH 

and R-AST, the reduced trivalent counterparts of AST-OH and AST, respectively. 

Transport was not dependent on cellular energy. I propose that the ArsQ permease 

is an energy-independent bidirectional uniporter responsible for the downhill 
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transport of the trivalent form of AST in AST-producing B. gladioli GSRB05. R-AST 

is oxidized extracellularly to the active pentavalent form of the antibiotic. ArsQ is 

structurally homologous to the DASS family members. Transport analysis of a 

serine-to-alanine mutant suggested that the serine residue is in the ArsQ binding 

site. In an ongoing study described in Chapter 4, I generated ArsQ mutants by site-

directed mutagenesis of specific charged residues within the predicted binding site. 

I will confirm the expression of these mutant proteins by immunoblot analysis. 

Detailed analysis of their resistance and transport activity will highlight the 

contribution of each residue to the transport function of ArsQ. The results will lead 

to a mechanistic understanding of this novel antibiotic transporter. 

 

Finally, in Chapter 5, I describe another direction that I will pursue if time permits: 

identification of the uptake system(s) of AST into cells of sensitive bacteria. It is 

unlikely that they would have evolved a dedicated AST uptake system. It is more 

likely that AST is taken up adventitiously by other permeases such as transporters 

for structural analogous amino acids, or by an as-yet unidentified transporter. First, 

I am comparing the transport of AST in the presence and absence of structurally 

similar amino acids to test the possibility that AST and these amino acids use a 

common transporter. Next, using random Tn5 insertional mutagenesis, I generated 

AST-resistant mutants. I am analyzing the DNA sequences of these mutants to 

identify the insertion points. I hypothesize that the inserted genes will be involved 

in AST uptake into the cells of sensitive bacteria. Identifying and understanding the 
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AST uptake system(s) will aid in its development as an effective antibiotic and in 

the rationale design of other organoarsenical drugs yet to be discovered. 

The next steps in this research include elucidating the structure of ArsQ and its 

relationship to function, chemical modification of AST to improve its efficacy, and 

further characterization of ArsL, the non-canonical radical SAM enzyme involve in 

AST biosynthesis. These projects will lead to the development of potent antibiotics 

to replenish our shrinking antibiotic reserve and extend the antibiotic era. 
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