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ABSTRACT 

 

DEVELOPING DITHIOCARBAMATE DERIVATIVES AS COPPER-DEPENDENT 

ANTIMICROBIALS AGAINST S. PNEUMONIAE AND OTHER PATHOGENS 

 

Sanjay Vijay Menghani 

Michael David Leslie Johnson 

 

From the ancient Egyptians in 2500 BC using copper pots to prevent contamination of drinking 

water to the Greek physician Hippocrates writing about the application of dry copper powder 

on leg wounds to improve wound healing, humans have long known about the antimicrobial 

properties of copper. Mirroring the natural use of copper outside the human body, copper plays 

a role in innate immunity and host defenses. In the context of infection, it has been shown that 

the concentration of free copper ions within the blood increases 4-fold during infection. As it 

has been established that copper itself is antimicrobial, there has been a renewed effort to 

combine the efforts of copper with antimicrobials for synergistic biocidal effect. There is a 

growing body of evidence to use increased copper concentration to directly intoxicate 

intracellular pathogens within macrophages and other phagocytes as an antibiotic mechanism. 

In 2014, Festa et al. developed a copper-dependent antimicrobial against the fungus 

Cryptococcus neoformans that increases the efficiency of macrophage fungicidal activity. 

Following this model, we sought to identify small molecules with copper-dependent toxicity 

(CDT) through a targeted screen of compounds for antibiotic efficacy. From this targeted 

screen, we identified N,N-dimethyldithiocarbamate (DMDC) as a potent bactericidal copper-

dependent antibiotic against Streptococcus pneumoniae in vitro with efficacy in significantly 

decreasing bacterial burden in vivo. DMDC was also proven to be antifungal against 

Coccidioides immitis, antiparasitic against Schistosoma mansoni, and antibacterial against 

Staphylococcus aureus. To provide mechanistic insights at the host-pathogen interface, we 

LQYHVWLJDWHG�'0'&¶V�LQWHUDFWLRQ�ZLWK�LQQDWH�LPPXQH�SKDJRF\WHV�DQG�IRXQG�robust 

macrophage clearing of bacteria incubated with a combination of copper and DMDC. Zinc 

intoxication, hydrogen peroxide, and nitric oxide contribute to this rapid in vitro killing. 

Extending from the drug screening identifying DMDC, compounds derived from DMDC were 
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screened and two compounds within the dithiocarbamate class were identified as copper-

dependent bactericidal antibiotics with efficacy in vitro. One compound from the screen, 

TLA4, was an effective antibiotic in vivo. These findings identify and investigate copper-

dependent antibiotics in the dithiocarbamate class, serving as a model for future development 

of similar compounds. Despite the successful clinical implementation of pneumococcal 

vaccines, the rise in disease caused by non-vaccine strains and antimicrobial resistance within 

S. pneumoniae are growing trends that exacerbate the impetus to develop novel antimicrobial 

strategies. The work detailed in this dissertation serves to contribute to this need.  
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1 INTRODUCTION AND BACKGROUND 

1.1 Streptococcus pneumoniae and Other Pathogens 

1.1.1 Streptococcus pneumoniae 

The major bacterial species studied throughout this dissertation is Streptococcus pneumoniae, 

also known as the pneumococcus. S. pneumoniae is a Gram-positive bacterium that is a 

commensal of the nasopharynx. In terms of bacterial morphology and descriptive 

characteristics, it is non-motile, non-spore-forming, and alpha-hemolytic. It is resistant to 

bacitracin that sensitive to optochin and bile-mediated lysis. One of the major distinguishing 

features of the pneumococcus is a polysaccharide capsule enveloping the bacterium, the 

composition of which differentiates strains. S. pneumoniae, as an opportunistic pathogen, can 

cause disease in humans under certain conditions. When causing disease, it causes otitis media, 

meningitis, sepsis, and pneumonia (1). Otitis media is an infection of the middle ear 

characterized by ear pain, swollen eardrum, fever, and drowsiness (1). Meningitis is an 

infection of the meninges, the membranes surrounding and protecting the spinal cord and 

brain. Pneumococcal meningitis usually presents with neck stiffness, fever, headache, 

confusion and photosensitivity (1). Pneumococcal bacteremia can present with fever, chills, 

and low alertness before progressing to sepsis, a severe emergency (1). The major 

manifestation of pneumococcal disease is pneumonia, an infection within the lung. 

Pneumococcal pneumonia presents with fever and chills, cough, difficulty breathing and chest 

pain (1).  

 Historically, S. pneumoniae is an important bacterium for the human discovery and 

understanding of genetics. Discovered in 1881 around the same time by George M. Sternberg 

in the United States and Louis Pasteur in France, the bacterium that would later be officially 

named S. pneumoniae was described as lancet-shaped pairs of cocci-shaped bacteria (2). The 

pneumococcus was one of the first bacteria observed during the development of Gram's stain 

(3). In the late 1920s, Griffith and colleagues discovered what would later be understood to be 

bacterial transformation by co-infecting mice with a heat-NLOOHG�³VPRRWK´�XQHQFDSVXODWHG�

VWUDLQ�DQG�D�³URXJK´�HQFDSVXODWHG�VWUDLQ��OHDGLQJ�WR�D�WUDQVIRUPDWLRQ�RI�WKH�UHFRYHUHG�EDFWHULD  

IURP�³URXJK´�WR�³VPRRWK´ in appearance (4). In 1944, Avery, MacLeod, and McCarty would 

discover that DNA was the biologic molecule responsible for phenotypic changes using S. 

pneumoniae as their model organism of choice (5). 
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 The pneumococcal strain primarily studied in this dissertation is The Institute for 

Genomic Research Strain 4 (also known as Serotype 4 or TIGR4) with a type 4 polysaccharide 

capsule composition. Other strains studied in this dissertation include D39 strain with a Type 2 

capsule and ATCC® 6303� with a Type 3 capsule composition. Currently, there are at least 

100 different strains of S. pneumoniae identified and separated into serotypes classified by 

capsular composition (6)��)XUWKHU�LQIRUPDWLRQ�DQG�GHVFULSWLRQ�RI�WKH�SQHXPRFRFFXV¶�

polysaccharide capsule will be provided in Section 1.3. As will be mentioned in the subsequent 

sections (Section 1.6-1.7), antimicrobial resistance and non-vaccine strains of the 

pneumococcus are of growing concern. There is a need for developing novel antimicrobials 

against S. pneumoniae to combat these trends, which is where this dissertation fills a gap in the 

literature.  

 

1.1.2 Staphylococcus aureus 

Staphylococcus aureus is a Gram-positive bacterium that is a commensal of the skin flora and 

is a major opportunistic pathogen causing a wide variety of clinical disease manifestations (7). 

As a commensal, it is estimated that 30% of the human population carries strains of S. aureus 

in their nasal passages, with the skin flora carriage percentage estimated to be even higher (8). 

In terms of bacteriology, S. aureus is non-motile and coagulase-positive forming a coccoid 

shape (9). Additionally, S. aureus is distinguished from other bacteria by its colonies having a 

characteristic gold pigmentation and positive results for mannitol-fermentation and 

deoxyribonuclease tests (10). S. aureus is a leading cause of bacteremia and infective 

endocarditis, as well as skin, soft tissue, pulmonary, and device-related infections, among other 

manifestations (7). Of particular concern is the emerging trend in S. aureus is the rise of 

endocarditis and device-related infections as well as community-associated strains with 

resistance to ȕ-lactam antibiotics (7).  

 Historically, S. aureus was first identified in the 1880s from the purulent fluid drained 

from a leg abscess in the 1880s by Alexander Ogston, a surgeon from Aberdeen in Scotland 

(11). Soon after being identified by Ogston, S. aureus was formally isolated by Rosenbach 

(12). S. aureus quickly became a culprit for many hospital-acquired infections as inpatient 

medicine became the norm (12). As penicillin rose in clinical use, antimicrobial resistance 

against it rose in parallel, leading to the development of semi-synthetic anti-staphylococcal 
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penicillins, termed methicillin (12). Within a year, methicillin-resistant S. aureus (MRSA) was 

observed, giving rise to strains of S. aureus being classified as methicillin-sensitive (MSSA) or 

methicillin-resistant (MRSA) (13). Resistance to methicillin is conferred by the mecA gene, 

encoding penicillin-binding protein 2a (PBP2a), which has a low affinity for ȕ-lactams, 

resulting in resistance to the entire antibiotic class (14). Steadily throughout the years, S. 

aureus has shown a remarkable ability to become resistant to antibiotics. Infections caused by 

antibiotic-resistant strains of S. aureus have reached epidemic proportions globally (15). The 

prevalence of staphylococcal disease caused by MRSA has increased dramatically in both 

healthcare and community settings (16, 17). As such, there is a growing need to develop novel 

therapeutic strategies to treat both MSSA and MRSA (18, 19).  

In this dissertation, specifically in Chapter 2, two strains of S. aureus are studied in the 

context of developing a copper-dependent antibiotic. The two strains used were S. aureus 

subsp. aureus Rosenbach (ATCC® 25923�) (which is termed MSSA in this work) and S. 

aureus MRSA (ATCC® 33491����There is a pressing need for developing novel 

antimicrobials against S. aureus. The work detailed in Chapter 2 of this dissertation fills a gap 

in the literature to this end. 

 

1.1.3 Coccidioides spp.  

Coccidioides spp. are fungi that are endemic to the San Joaquin valley. In terms of mycology, 

Coccidioides grows well in soil as a mycelium. After a variable period, mycelia separate and 

produce spores known as arthroconidia, which have thin, fragile septations (20). The 

arthroconidia become airborne with minimal soil disturbance and may travel up to 75 miles or 

more in the air (21). Inhalation of arthroconidia is almost always the route of infection (20). 

Arthroconidium transform into spherules, which lead when lysed to rapid fungal growth that 

can lead to symptomatic infection (20). Most inhalations of spores result in no infection or 

asymptomatic infections (22). Coccidioidomycosis (CM), or symptomatic Coccidioides 

infection, usually presents as a pneumonic illness often confused with community-acquired 

pneumonia (CAP) that can later become a skin lesion known as erythema nodosum (20). In 

rare instances, disseminated disease can spread to soft tissues, bones, joints, and meninges 

(23). Disseminated disease is categorized by the site of clinical symptoms; for example, 

osteomyelitis, synovitis, lymphadenitis, peritonitis, meningitis, and cutaneous disease (20).  
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 Coccidioides immitis and C. posadasii are the two species within the genus that cause 

CM (24, 25). It has been shown that the two species have distinct geographical distributions in 

causing CM cases with C. immitis largely in California and Eastern Washington state while C. 

posadasii causes cases in Texas and Central and South America (24, 26). The first case of CM 

was reported in 1892 by Alejandro Posadas and the second case was reported later in 

California in a patient who was a manual laborer in the San Joaquin Valley (27). Over time, 

more cases, and greater insights into the immunology of CM host immune response and into 

the fungus that causes CM were made. Most of these advances were made by Stanford 

University faculty and medical students, including Charles E. Smith (27). 

It has been shown that the innate and adaptive immune systems are involved in 

controlling infection with neutrophils, macrophages, dendritic cells, and T cells being involved 

in fungal recognition and response (20). There were no effective antifungals against 

Coccidioides before amphotericin B (28). Currently, fluconazole is used as the primary 

treatment for mild to moderate pneumonic disease and in non-life threatening disseminated 

disease (20). Due to toxicity concerns, amphotericin B is generally reserved for more severe 

disease or coccidioidal meningitis (29). 

 In this dissertation, specifically in Chapter 2, Coccidioides posadasii Silveira strain was 

used in the context of developing copper-dependent antifungals against both the mycelial and 

VSKHUXOH�SKDVHV��7KURXJK�D�FROODERUDWLRQ�ZLWK�-RKQ�1��*DOJLDQL¶V�ODE�DQG�WKH�9DOOH\�)HYHU�

Center for Excellence at the University of Arizona, we were able to test antifungal compounds 

against C. posadasii. It is of increased importance for developing novel therapeutic strategies 

against Coccidioides as there has been no new treatments for coccidioidomycosis in the last 40 

years (30). The mainstays of treatment are drugs that were developed for fungal diseases other 

than coccidioidomycosis, leading to off-label use (31). This dissertation fills a gap in the 

literature by providing initial evidence for the development of a novel copper-dependent 

antifungal agent.  

 

1.1.4 Schistosoma spp. 

Parasites within the Schistosoma genus are a significant cause of morbidity and mortality for 

hundreds of millions of humans throughout history (32). The parasite itself has a very complex 

life cycle, involving larval stage cercaria exiting the intermediate molluscan host to infect the 
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definitive human host and transform into schistosomulum to enter the circulatory system (33, 

34). The parasite then develops into an adult worm in the liver and produces hundreds of eggs 

daily that are excreted and become miracidia to infect freshwater snails (33, 34). Inside the 

snail, sporocysts form and release infectious cercariae to complete the life cycle (33, 34).  

Currently, there are an estimated 230-240 million cases of schistosomiasis globally 

(32). Clinically, most cases of schistosomiasis are mildly symptomatic, with dysuria, 

hematuria, and occasional dysentery as clinical symptoms, but in rare cases, the disease can 

have more severe manifestations (32). Acute manifestations include itching, dermatitis, and 

bronco-pneumonia; subacute to chronic disease involve hepato-intestinal, urinary, and cardio-

pulmonary manifestations (32).  

 In this dissertation, specifically in Chapter 2, Schistosoma mansoni NMRI strain was 

used in the context of developing copper-dependent antiparasitic antimicrobials against the 

pathogen. Through a collaboration with Emmitt R. Jolly¶V�JURXS�DW�&DVH�:HVWHUQ�5HVHrve 

University, we were able to test our compound against S. mansoni. A major concern in the 

treatment of schistosomiasis is the variability of efficacy of praziquantel against the different 

life cycle stages of S. mansoni; praziquantel is highly effective against adult-stage parasites but 

is ineffective against early juvenile stages in the blood (35). Development of novel therapeutic 

strategies with efficacy against juvenile stages is of importance for the eradication of 

schistosomiasis in order to prevent reinfection and ineffectiveness of praziquantel (36). This 

dissertation fills a gap in the literature by providing initial evidence for the development of a 

copper-dependent antiparasitic agent against Schistosoma mansoni and related species.  

 

1.2 Innate Immune Response to Bacterial Infection 

1.2.1 Overview of the Innate Immune System 

The immune system is a collection of cells, chemicals, and processes that protects an organism 

from pathogenic microbes, cancer cells, and toxins (37). The human immune system is 

comprised of two branches: the innate and adaptive immune systems. The innate immune 

system is evolutionarily conserved across multicellular organisms with homologs in other 

vertebrates and some invertebrates (38). It is often the first-line defense against microbial 

invasion with rapid-response mechanisms and a short timeframe to take effect (39, 40). While 

the innate immune system is present since birth and not adapted or permanently heightened due 
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to exposure to microbes, the adaptive immune system on the other hand is comprised of the 

responses of B and T lymphocytes whose activity is heighted by exposure to microbes (41, 42). 

As such, the innate immune response can be generated within 20 to 30 minutes for most 

bacterial infections whereas development of a specific adaptive immune response with specific 

antibodies and T cells takes on the order of days to weeks (41). The adaptive immune system is 

known for being able to respond rapidly to subsequent infections through memory of past 

infections. Traditionally, the innate adaptive immune system was not thought of as being able 

WR�EH�³WUDLQHG´�IRU�VXEVHTXHQW�H[SRVXUHV�RI�WKH�VDPH�SDWKRJHQ��EXW�UHFHQW�DGYDQFHV�KDYH�

identified epigenetic changes can be conserved in hematopoietic stem cells (HSCs) to retain 

memory of past infections (43, 44).  

 The innate immune system is comprised of both human components and its resident 

microbes as part of the microbiome. Several cells, receptors, and molecules comprise the 

KRVW¶V�UHSHUWRLUH�IRU�HOLPLQDWLQJ�SDWKRJHQV�DQG�UHWDLQLQJ�WKH�VWDWXV�TXR��7KH�IROORZLQJ�

components of the immune system are factors involved in this defense: 

x Physical barriers and physical features of the body ± the skin and mucous membranes 

of the body serve as a physical barrier to prevent against invasion (45). 

x Inflammation-related serum proteins like complement proteins, C-reactive proteins 

(CRP), and lectins (carbohydrate-binding proteins) 

x Antimicrobial peptides like defensins (46). Antimicrobial peptides often form pores 

through the outer membranes of microbes. One prominent host antimicrobial peptide S. 

pneumoniae is LL-37 of the cathelicidin family (47). 

x Receptors designed to sense microorganisms and trigger defensive immune responses 

(Toll-like receptors [TLRs]). One such example is that bacterial endotoxin 

lipopolysaccharide (LPS) on the exterior of Gram negative bacteria contains Lipid A, 

which is sensed specifically by TLA4 (48). 

x Cytokines, cell-cell communication and signaling proteins, chemokines, interferons 

(IFNs), interleukins (ILs), lymphokines, and tumor necrosis factor (TNF) ± these 

chemicals or proteins induce inflammation and induce recruitment of immune cells to a 

site of infection (49). IL-1, IL-6, and TNF are key inflammatory cytokines released 

during the early innate immune response to a bacterial infection (37).  
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x The complement system ± a biochemical cascade pathway that identifies and opsonizes 

(coats) bacteria and other pathogens for phagocytosis (uptake) by specific immune cells 

(37).  

x Professional phagocytes that engulf invading offending agents (from microbes to ink 

from tattoos) ± See Table 1 for more information on this. 

x Leukocytes that release cytokines and other mediators to trigger larger responses (like 

macrophages, mast cells, natural killer [NK] cells, innate lymphoid cells) 

x The microbiome 

 

In order to quickly identify and provide defense against invading pathogens, the innate 

immune system relies on pattern recognition receptors (PRR) within immune cells to 

coordinate a response (37). For intra-host signs of damage, damage-associated molecular 

patterns (DAMPs) are released from host cells as a result of tissue damage, infection, or cell 

necrosis; sensing of DAMPs like extracellular ATP set off a proinflammatory response to 

remove or repair the damage (50). Pathogens that share common structures, known as 

pathogen-associated molecular patterns (PAMPs), are identified through these PRRs. 

Examples of PAMPs include lipopolysaccharides (LPS), as described earlier, and double-

stranded ribonucleic acid (RNA). Following the identification of an invading pathogen, the 

innate immune system can function to eliminate the threat by marking specific pathogens for 

phagocytosis and clearance through complement-mediated opsonization. Professional 

phagocytes (macrophages and neutrophils) engulf pathogens and degrade them to clear an 

infection. Macrophages and neutrophils complement each other, with effective innate 

immunity requires a coordinated response with both cell types working in concert with each 

other (51). Specific cytokines are necessary for differentiating circulating monocytes produced 

in the bone marrow into macrophages or dendritic cells when they arrive at the appropriate 

tissues (52). Macrophages that migrate to tissues serve to renew the resident macrophage 

populations while dendritic cells are designed to be professional antigen presenting cells, 

picking up antigens and transporting them to regional lymph nodes (53). Resident 

macrophages adapt different names and characteristics depending on what tissue they are 

resident to; for example, dust cells are pulmonary alveolus macrophages, histiocytes are in 

connective tissue, Kupffer cells are resident to the liver, microglia are resident to neural tissue, 
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epithelioid cells are in granulomas, osteoclasts are in bone, and mesangial cells are in the 

kidneys (37). Other cytokines are necessary for priming and activating macrophages or 

neutrophils to act; for example, NK cells and other lymphocytes produce IFN-Ȗ to activate 

macrophages (54). Macrophages also contain PRRs that induce phagocytosis like the 

macrophage scavenger receptor family that binds bacterial cell walls and trigger phagocytic 

clearance (55). Tissue resident macrophages can differentiate into either proinflammatory (M1) 

or anti-inflammatory (M2) phenotypes (56). For many pathogens or foreign antigens, innate 

responses are not sufficient to mount a response. In this case, the adaptive arm is necessary to 

provide T-cell- and antibody-mediated responses to clear the body of these antigens. Often, the 

innate immune system primes and instructs the adaptive arm to mount a more rigorous 

response. For example, neutrophils and dendritic cells can induce NK cell expression of IFN-Ȗ 

to activate macrophages and enhance T cell-dependent cell-mediated immunity (57). 
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Cell Image % of 

Leukocyte 
Count in 
Adults 

Functions Lifetime Main Targets 

Macrophage 

 

Varies Phagocytosis; 
antigen 

presentation to T 
cells 

Months-
years 

Various 

Neutrophil 

 

40-75% Phagocytosis; 
degranulation 

6 hours - 
days 

Bacteria, fungi 

Eosinophil 

 

1-6% Degranulation; 
release of enzymes, 

growth factors, 
cytokines 

8-12 days; 
circulate 
for 4-5 
hours 

Parasites, allergic 
tissues 

Basophil 

 

< 1% Degranulation; 
release of 
histamine, 

enzymes, cytokines 

Lifetime 
uncertain; 
likely < 

days 

Allergic tissues 

Mast Cell 

 

Common in 
tissues 

Degranulation; 
release of 
histamine, 

enzymes, cytokines 

Months to 
years 

Parasites; allergic 
tissues 

Monocyte 

 

2-8% Differentiate into 
macrophages and 

dendritic cells 
(professional 

APCs) to elicit an 
immune response 

Hours - 
days 

Various 

Lymphocyte 
(T and B cells) 

 

20-40% T helper (Th) cells 
(CD4+): immune 

response 
mediators; 

Cytotoxic T cells 
(CD8+): cell 
destruction 

Weeks - 
years 

Th cells: intracellular 
bacteria; Cytotoxic T 
cells: virus-infected 
and tumor cells; NK 
cells: virus-infected 

and tumor cells 

Natural Killer 
(NK cell) 

 

15% 
(Varies) of 
circulating 

lymphocytes 
and tissues 

Tumor rejection; 
destruction of 
infected cells; 

release of perforin 
and granzymes to 
induce apoptosis 

7-10 days Viruses and tumor 
cells 

Table 1 - Cells of the innate and adaptive immune system 

Table adapted from Figure 1 in Marshall et al. (37). This table describes each leukocyte 
produced by hematopoietic stem cells (HSCs) in the bone marrow and provides key 

information about each of them, including normal percentages in the blood as well as function 
and targets.  
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 Once a macrophage has engulfed a pathogenic bacterium for clearance, the general 

response is to send the bacterium to the phagolysosome for degradation and elimination. 

Within this phagolysosome, there are several mechanisms that macrophages have for 

eliminating pathogens. Several of these mechanisms are well known, including lysozyme and 

proteolytic enzymes. Use of hydrogen peroxide, low pH, and nitric oxide are other tools 

utilized by the phagolysosome. Figure 1 describes these tools used by the macrophage 

phagolysosome, focusing primarily on the use of copper ions as a killing mechanism, a 

relatively understudied phenomenon. Macrophages expose engulfed fungi and bacteria to high 

concentrations of copper and zinc as a killing mechanism (58, 59). Peritoneal macrophages of 

copper-deficient rats display impaired respiratory burst and fungicidal activity (60). During an 

infection, local concentrations of copper increase (61, 62). The macrophage ATP7A copper-

transporting ATPase is a mediator for delivering cytosolic copper into the phagolysosome, 

without which bacterial clearance is significantly compromised (58). The membrane-bound 

copper transporter Ctr1 is responsible for transporting copper ions from the extracellular space 

into the cytosol for ATP7A to further transport into the phagolysosome. Figure 1 depicts how 

copper enters the phagolysosome from the extracellular space as well as other bactericidal 

mediators of the phagolysosome. Macrophage-activating cytokines like IFN-Ȗ increase the 

phagolysosome's copper levels, priming for bactericidal activity (58). Section 1.3 of this 

dissertation provides more context on copper-dependent bactericidal activity against S. 

pneumoniae. The phagolysosomal bactericidal mechanisms of macrophages are explored in 

further detail in Chapter 3 of this dissertation.  
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Figure 1 - Copper utilization within the phagolysosome of macrophages as a killing 

mechanism 

Figure adapted from Figure 1 of Festa & Thiele (2012) (59). 

 

1.2.2 S. pneumoniae¶V�,QWHUDFWLRQV�ZLWK�WKH�,PPXQH�6\VWHP 

There is strong evidence for S. pneumoniae interacting with the innate immune system. 

Macrophages and neutrophils both play key roles in the phagocytosis and elimination of the 

pneumococcus (63). There is evidence for cooperative bactericidal activity between these two 

innate immune cell types (64). Individually, neutrophils degrade phagocytosed S. pneumoniae 

via serine proteases like neutrophil elastase and cathepsin G (65). Murine depletion of 

neutrophils has been shown to ablate pneumococcal clearance rates in a murine pneumonia 

model, providing evidence for neutrophils being indispensable for the host immune response to 

the pneumococcus (66). Additionally, individually, host macrophage LC3-associated 

phagocytosis (LAP) is an indispensable contributor to pneumococcal clearance that declines 

with age (67). Human alveolar macrophages utilize opsonins to kill S. pneumoniae and clear 

the lungs of infection (68). As such, S. pneumoniae are largely cleared by phagocytes before 

adaptive immune response is required.  

In order to cause disease in humans, the pneumococcus has evolved a number of 

mechanisms to adhere to and damage host cells, as well as evade these innate immune 

processes (69). Figure 2 provides an overview of many of these proteins, virulence factors, 

and bacteria-specific features. First and foremost, the major component of virulence for S. 

pneumoniae is the polysaccharide capsule that envelops the exterior of an individual 

bacterium. As has been mentioned in Section 1.1, the composition of the polysaccharide 
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capsule determines the pneumococcal serotype classification; currently there are over 100 

serotypes identified (6). The capsule itself is a target for opsonization by the innate immune 

system to mark for phagocytosis by macrophages and neutrophils. However, the capsule of S. 

pneumoniae is dynamic in composition over the course of an infection and this dynamism 

contributes to the capsule being anti-phagocytic. Certain capsules of specific serotypes are 

more resistant to C3 complement deposition compared to others (70). The pneumococcus also 

has developed methods non-capsular methods to evade complement activation by using the 

proteins PspA (pneumococcal surface protein A) and LytA. LytA is an autolysin that allows 

the bacterium to shed itself of capsule to evade immune recognition (71, 72). To further 

complicate the immune response, S. pneumoniae has been shown to utilize LytA and other 

methods to shed and change capsule composition during a single infection, going from 

encapsulated to a non-encapsulated strain that is resistant to classic opsonization and 

phagocytosis methods as well as vaccine-trained antibodies against the capsule (73).  

In addition to the capsule, bacterial proteins and virulence factors play vital roles in 

decreasing detection by the immune system and down-regulating host responses. The 

pneumococcus has evolved to utilize a copper efflux ATPase, CopA, to efflux increased intra-

bacterial copper to antagonize macrophage-mediated copper intoxication within the 

phagolysosome (74). The pneumococcus produces neutrophil elastase-inhibitors that reduce 

damage to the lung caused by neutrophils during pneumococcal pneumonia, thus decreasing 

inflammation and increasing bacterial survival (75). S. pneumoniae¶V autolysin LytA 

contributes to capsule shedding (as mentioned above) and the release of the intracellular 

pneumolysin, Ply, the primary toxin produced by the pneumococcus (72). Ply is a cholesterol-

dependent cytolysin cytotoxic to most cells and interferes with host responses by modulating 

host complement pathways. Ply also has been shown to induce apoptosis of macrophages and 

neurons, to activate the production of inflammatory cytokines, to activate NLRP3 

inflammasome, and to induce neutrophil extracellular trap (NET) formation, among other 

effects (76). The pneumococcal sialidase NanA is a multi-functional virulence factor that 

contributes to mucosal colonization, platelet clearance, and blood-brain barrier penetration (77-

79). 
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Figure 2 - S. pneumoniae and different factors impacting its interaction with the human 

host 

Reprint of Figure 1 in Dao and Rosch (1).  

 

1.3 Nutritional Immunity 

1.3.1 Overview of Nutritional Immunity 

As a pathogen is invading a host, there is a battle for nutrients. Within the variety of necessary 

nutrients for pathogen survival, transition metals are crucial (80). Transition metals are crucial 

for many biological processes and survival for all living organisms due to being incorporated 

into metalloproteins, metalloenzymes, storage proteins, and transcription factors (80). These 

metals play key non-catalytic, redox catalytic, and non-redox catalytic roles (80). Iron, copper, 

and molybdenum are most commonly co-factors for redox reactions (81). Zinc is most 

commonly utilized as a non-redox metal with structural and catalytic roles in proteins (81). 

Among zinc-containing metalloproteins in bacteria and eukaryotes, enzymes comprise a much 

higher percentage in bacteria while zinc-containing transcription factor proteins comprise a 

much higher percentage in eukaryotes (81, 82). 

 Iron plays a vital role as a cofactor in many enzymes and plays a key role in 

physiological processes, like DNA replication, DNA transcription, and central metabolism 

(81). As such, bacteria must acquire iron from the human host during an infection for their 
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survival and successful colonization into host tissues (83, 84). As bacteria have evolved iron-

acquisition systems, the human host has developed an innate immune response to attempt to 

withhold iron from invading pathogens (85-87). Vertebrates utilize a number of proteins to 

prevent bacteria from acquiring host iron that is usually complexed with heme (80). 

 Manganese and zinc also play vital roles in bacterial physiology. Mn2+ plays a catalytic 

role and is important in bacterial resistance to oxidative stress (88, 89). Additionally, Mn2+-

dependent superoxide dismutases are encoded by many pathogens to defend against host-

produced superoxide (90). In the context of S. pneumoniae, a higher intracellular manganese to 

zinc ratio increases capsule production through activation of the manganese-dependent 

phosphoglucomutase enzyme of the D39 strain (91). The fact that zinc is the second most 

abundant transition metal is reinforced by its important roles in protein catalysis and structure 

(92). Sequestration of these important nutrient metals is an innate immune defense strategy 

(80). S. pneumoniae specifically has evolved to develop specific zinc import systems like 

AdcA to counteract host sequestration (93).  

 Humans have long known about the antimicrobial properties of copper, as the ancient 

Egyptians in 2500 BC utilizing copper pots to prevent contamination of drinking water (94). 

The famous Greek physician Hippocrates wrote about the application of dry copper powder on 

leg wounds to improve wound healing (94). Mirroring the natural use outside of the human 

body��UHFHQW�GLVFRYHULHV�KDYH�LGHQWLILHG�FRSSHU¶V�UROH�LQ�LQQDWH�LPPXQLW\�DQG�KRVW�GHIHQVHV  

within the body. Much of what is known about the interaction between copper and the innate 

immune system was first identified in the tuberculosis field. It has been shown that Cu 

accumulates in sites of Mycobacterium tuberculosis infection and that resistance to Cu2+ is 

necessary for M. tuberculosis virulence (95). In the context of S. pneumoniae, the 

concentration of free copper ions within the blood increases 4-fold from 10 µM to 40 µM 

during infection (96). In contrast to bacteria, copper is necessary within normal limits for the 

normal function of many human enzymes. Copper serves as a cofactor for proteins involved in 

a variety of metabolic and homeostatic human functions, including cytochrome c oxidase, 

copper-zinc superoxide dismutase (Cu,Zn-SOD), dopamine ȕ-hydroxylase (DBH), prion 

protein (PrP), tyrosinase, and lysyl oxidase in the collagen synthesis pathway (97). A review 

article written in 2021 details enzymes using copper ion cofactors and potential links to 

V\PSWRPV�RI�0HQNH¶V�GLVHDVH�(98). 
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 In the human host, bacteria encounter copper ions in the phagolysosomes of 

macrophages. The cytokine IFN-Ȗ induces expression of Cu+ transport protein 1 (CRT1) to 

increase import of extracellular copper (58). ATOX1 shuttles Cu+ within the cytosol to 

ATP7A, which transports copper into the phagolysosome compartment (58, 97, 99). A study 

by Wagner et al. in 2005 utilizing x-ray fluorescence of phagosomes of M. tuberculosis-

infected macrophages estimated the intra-phagolysosomal concentration of copper to be 426 ± 

393 µM. While this error is almost as high as the indicated measurement itself, it provides 

evidence that the intra-phagolysosomal concentration of copper reaches mid-millimolar levels, 

informing much of the experimental design in Chapters 2-4. 

 

1.3.2 Copper Toxicity in S. pneumoniae 

Recent studies in microbiology have begun to uncover the biocidal effects of copper against a 

range of pathogens, including the most concerning antibiotic resistant bacterial threats in 

healthcare settings: MRSA and vancomycin-resistant Enterococcus (VRE) (100-102). Copper 

surfaces and tools have been shown to reduce bacterial colonization and reduce infection rates 

(102-104). Studies in the 20th and 21st centuries have confirmed the findings of the ancient 

Egyptians and Greeks to establish copper alloys as biocidal against bacterial and viral 

pathogens (105-107). A review by Arendsen et al. provides references to individual studies 

showing in vitro copper toxicity against a wide variety of bacteria and viruses (94).  

In response to copper stress, S. pneumoniae upregulates the cop operon. As shown in 

Figure 3, the cop operon (gene locus SP_0727-0729 in the TIGR4 strain) consists of the 

operon repressor copY, the copper chaperone cupA, and the copper exporter copA. Under 

ordinary conditions in the absence of copper stress, zinc ions bind to CopY and promote tighter 

binding to DNA, preventing transcription. In the presence of copper, divalent Cu ions replace 

zinc ions and promote release of the repressor from its DNA binding sites, allowing for 

expression of the cop operon (108). This highly conserved operon is required for bacterial 

survival under copper stress. Mutant strains of S. pneumoniae lacking the copper exporter 

(ǻcopA), are an order of magnitude more susceptible to copper stress than wildtype TIGR4 

(74). Using murine pneumonia, sepsis, and otitis media infection models, exposing mice to the 

wildtype LD100 of bacteria of both wildtype and ǻcopA strains led to a significant survival 

advantage in mice infected with the mutant, indicating that copper export as a defense response 
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is necessary for virulence (74). Macrophage depleted mice were equally susceptible to both 

wildtype and the ǻcopA mutants, showing that macrophages and copper are synergistic in 

clearing the infection (74).  

The broader question remains: how exactly does copper cause toxicity inside of a 

bacterium? The Fenton reaction, in which Cu1+ reacts with H2O2 to yield Cu2+, OH(-), and OH* 

(the hydroxyl radical), has been thought to be the major mechanism of copper toxicity. The 

hydroxyl radical can cause DNA and protein damage within the bacteria, leading to bacterial 

death (109). Surprisingly, the Fenton reaction does not affect S. pneumoniae, as it possesses a 

pyruvate oxidase to resist H2O2 (110). An alternative mechanism with growing evidence is 

mis-metalation of bacterial enzymes by Cu2+ (111). Divalent transition metals in the first row 

commonly replace each other at metal-binding sites. The Irving-Williams Series is a well-

established phenomenon, finding a relationship between atomic radius and relative stability of 

transition metal complexes binding to a ligand. The Series progresses as follows in terms of 

generic ligand binding affinity: Ca2+ < Mg2+ < Mn2+ < Fe2+ < Co2+ < Ni2+ < Cu2+ > Zn2+ (112). 

It has been shown that copper exhibits the highest binding affinity to ligands, serving as an 

exception to the series because it has a smaller atomic radius than zinc. Additionally, there are 

more reasons why copper coordination complexes are more stable than zinc complexes. The 

ability of copper ions to have two stable oxidation states (I and II) while zinc has only one 

stable oxidation state (II) plays a vital role. Cu1+ ions tend to have d10 orbitals and hybridize 

into tetrahedral complexes while Cu2+ ions have d9 orbitals hybridizing into octahedral 

complexes and Zn2+ with its d10 orbitals prefers tetrahedral complexes (113-115). 

Within S. pneumoniae, the aerobic ribonucleotide reductase, NrdF, utilizes two 

manganese (Mn2+) ions for its catalytic activity that are replaced by copper (Cu2+) during 

copper stress, leading to reduced enzymatic activity (111). As a response, the bacterium 

upregulates the anaerobic nucleotide synthesis pathway (111). It is possible that additional mis-

metalation events occur during copper stress, compromising growth and leading to bacterial 

death. Displacement of the correct metal ion cofactor for copper ions can lead to improper 

protein folding, aggregation, or protein unfolding. Other mechanisms of copper toxicity 

identified in other bacterial species include disrupting iron-sulfur clusters and higher 

susceptibility to acid stress (116-118). The oxidation states of copper within the bacterium also 

provides evidence for mismetallation contributing to toxicity. As there is no known copper 
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importer for S. pneumoniae, copper is thought to enter the bacterium through alternative 

divalent metal transporters, like zinc or iron importers. While within the bacterium, the CupA 

chaperone protein is responsible for reducing Cu2+ to Cu1+ and preventing copper toxicity (119, 

120). The copper exporter CopA exports copper in the Cu1+ oxidation state after the CupA 

chaperone conducts the reduction and passes the ions to the exporter (121).   

 

 
Figure 3 - The pneumococcal cop operon and copper stress 

 

1.3.3 Copper-Dependent Antimicrobials 

As it has been established that copper itself is antimicrobial, there has been a renewed effort to 

combine the efforts of copper with antimicrobials for synergistic biocidal effect. Traditionally, 

copper-chelating compounds have been utilized in vivo for decades for removal of excess 

FRSSHU�IURP�KXPDQ�KRVWV�LQ�WKH�FRQWH[W�RI�:LOVRQ¶V�GLVHDVH��LQ�ZKLFK�WKHUH�LV�DQ�H[FHVV�RI�

copper in the body due to a mutation in the ATP7B gene (122, 123). There is a growing body 

of evidence to use increased Cu and Zn to directly intoxicate intracellular pathogens within 

phagocytes as an antibiotic mechanism (124). In 2014, Festa et al. developed a copper-

dependent antimicrobial against the fungus Cryptococcus neoformans that increases the 

efficiency of macrophage fungicidal activity (125). The compound 8-hydroxyquinolone (8-

HQ) has been shown to be effective against the fungus Cryptococcus neoformans and 
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antibacterial against Mycobacterium tuberculosis (Mtb) (125, 126). In the work of Festa et al., 

the authors examined macrophage killing of engulfed fungi by RAW264.7 macrophages in 

response to added 8-HQ and its pro-chelator form QBP, noting a synergistic killing effect of 

the chelating compound (125). Since the work of Festa et al., further studies have identified 

other compounds with similar copper-dependent antimicrobial mechanisms. A recent study in 

2019 by Leite et al. synthesized and identified Cu2+ complexes of naphthyl derived 3-hydroxy-

4-pyridinone as potent antimicrobials against Gram-positive and Gram-negative bacteria, 

including MRSA and VRE (127). A recent study in 2020 by Hu et al. identified a mechanism 

for the FDA-approved drug disulfiram to reduce sepsis and identified that Cu2+ 

supplementation in addition to disulfiram treatment leads to improved outcomes in their 

murine model (128). Other studies continue to identify novel antimicrobials with copper-

chelating ability (129). Extending from the findings of Hu et al., our lab independently 

identified compounds structurally related to disulfiram to be antibiotic against S. pneumoniae 

TIGR4. This is described in detail in Chapter 2.  

 

1.4 Treatment and Antimicrobial Resistance in S. pneumoniae 

1.4.1 Treatment for Pneumococcal Diseases 

Initial treatment for mild pneumococcal infection involves antibiotics. Amoxicillin, second- or 

third-generation cephalosporins, or oral levofloxacin are recommended in pediatric and adult 

patients (130, 131). Healthy children with mild to moderate pneumococcal pneumonia are 

treated with amoxicillin as first-line therapy (130). Third generation cephalosporins like 

ceftriaxone and cefotaxime are alternative options in more severe cases (130). Mild cases of 

community-acquired pneumonia in adults are treated with amoxicillin, macrolides 

(azithromycin, erythromycin, or clarithromycin), or a respiratory fluoroquinolone 

(moxifloxacin, Gemifloxacin, or levofloxacin) (131, 132). A Cochrane Database systematic 

review of the literature showed that there is no significant difference in efficacy of treating 

community-acquired pneumonia between antibiotic regimens involving amoxicillin, 

macrolides, and fluoroquinolones (133). In severe cases requiring hospitalization, ceftriaxone 

or cefotaxime are first-line (131). Ceftriaxone is the first-line agent for treating pneumococcal 

meningitis caused by susceptible strains.  
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1.4.2 Antimicrobial Resistance in S. pneumoniae  

There is a growing trend of antimicrobial resistance in S. pneumoniae with approximately 30% 

of clinical strains displaying resistance to at least one antibiotic and many strains showing 

multidrug resistance (134). Recombination events resulting in penicillin-binding proteins 

PBP2b, PBP2x, and PBP1a confer resistance to ȕ-lactam antibiotics (135). Prevalence of 

macrolide resistance has increased in recent years due to widespread use of macrolides and due 

to reduced frequency of penicillin-resistant strains targeted by vaccines (136). The mechanisms 

of macrolide resistance are commonly either due to ribosome demethylation preventing 

antibiotic binding to 23S rRNA subunit or the acquisition of macrolide efflux pumps (137). 

Resistance to trimethoprim-sulfamethoxazole can be >60% depending on the region and is 

often associated with resistance to other antibiotics (136).  

 

1.5 Pneumococcal Vaccines 

Currently, there are three pneumococcal vaccines in clinical use: the conjugate 7-valent 

(Prevnar® 7, PCV7), 13-valent (Prevnar® 13, PCV13), and pneumococcal polysaccharide 

(PNEUMOVAX®, PPSV23). These vaccines provide coverage against 7, 13, and 23 

polysaccharide types of S. pneumoniae. According to the prescribing information provided by 

Pfizer (http://labeling.pfizer.com/showlabeling.aspx?id=134; Accessed December 2, 2021), the 

Prevnar® 7 vaccine covers the following strains: serotypes 4, 6B, 9V, 14, 18C, 19F, and 23F. 

According to the prescribing information provided by Pfizer 

(http://labeling.pfizer.com/showlabeling.aspx?id=501; Accessed on December 2, 2021), the 

Prevnar® 13 vaccine covers the following strains: serotypes 1, 3, 4, 5, 6A, 6B, 7F, 9V, 14, 18C, 

19A, 19F, and 23F. Both versions of the Prevnar® vaccine are conjugated to the Diphtheria 

CRM197 protein, also known as the Diphtheria Toxin. According to the prescribing information 

provided by Merck 

(https://www.merck.com/product/usa/pi_circulars/p/pneumovax_23/pneumovax_pi.pdf; 

Accessed November 25, 2021), the PNEUMOVAX® vaccine covers the following strains: 

serotypes 1, 2, 3, 4, 5, 6B, 7F, 8, 9N, 9V, 10A, 11A, 12F, 14, 15B, 17F, 18C, 19A, 19F, 20, 

22F, 23F, and 33F. A visual representation of this is provided in Table 2.  

 

 

http://labeling.pfizer.com/showlabeling.aspx?id=134
http://labeling.pfizer.com/showlabeling.aspx?id=501
https://www.merck.com/product/usa/pi_circulars/p/pneumovax_23/pneumovax_pi.pdf
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 Prevnar® 7 Prevnar® 13 PNEUMOVAX® 

Manufacturer Pfizer Pfizer Merck 

Serotypes Covered 
4, 6B, 9V, 14, 18C, 

19F, and 23F 

1, 3, 4, 5, 6A, 6B, 

7F, 9V, 14, 18C, 

19A, 19F, and 23F 

1, 2, 3, 4, 5, 6B, 7F, 

8, 9N, 9V, 10A, 11A, 

12F, 14, 15B, 17F, 

18C, 19A, 19F, 20, 

22F, 23F, and 33F 

Table 2 - Comparison of Pneumococcal vaccines 

Table information generated through prescribing information provided on company websites 
(see text description).  

 

 In terms of clinical use, the PCV13 (previously PCV7) is recommended for children 

less than 2 years old. The PPSV23 is recommended for elderly adults older than 65 years old, 

those with certain genetic conditions (like sickle cell disease), and those with certain medical 

conditions (impaired splenic function). PPSV23 is also recommended for children with 

conditions that predispose them to invasive pneumococcal disease after age 2, following the 

completion of the PCV13 series. Those who smoke are advised to take the PPSV23 to prevent 

invasive pneumococcal infection. Those with sickle cell disease are recommended to be given 

penicillin prophylaxis until age 5 years old and receive vaccination against the pneumococcus 

to prevent invasive disease (138). 

 A growing concern in the medical community is the increased prevalence of non-

vaccine types of S. pneumoniae and replacement of vaccine-strains (139). Following the 

introduction of the PCV7 vaccine, there has been a near-complete replacement of non-vaccine 

types in carriage (140). A recent study of nasopharyngeal pneumococcal carriage in healthy 

infants in South Africa found a significant increase in non-vaccine serotypes, including 15B/C 

and 35B (141). Additionally, the trends of specific serotypes increasing in prevalence to 

replace vaccine serotypes are not universal across regions of the world, making it difficult for 

decision-making on which strains to include widespread use of increased-valency of vaccines 

(142). 
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1.6 Significance and Goals of this Dissertation 

As S. pneumoniae is a cause of significant disease burden in both the pediatric and elderly 

populations, there is a robust impetus to discover and develop novel antimicrobial strategies. 

Despite the successful clinical implementation of pneumococcal vaccines, the rise in disease 

caused by non-vaccine strains and antimicrobial resistance within S. pneumoniae are growing 

trends that exacerbate this impetus. The primary goal of this dissertation is to discover and 

develop antimicrobials that utilize copper-dependent toxicity as a bactericidal strategy. Copper 

is utilized by the innate immune system in macrophages and other phagocytes as a killing 

mechanism within the phagolysosome. Compounds that can synergize with copper-toxicity can 

work as antibiotics by aiding macrophage clearance at the host-pathogen interface. The second 

chapter of this dissertation details the discovery of N,N-Dimethyldithiocarbamate (DMDC) as a 

copper-dependent bactericidal antibiotic following a targeted small molecule screen. This 

chapter is an adaption from a study published in the journal Microbiology Spectrum co-first-

authored by Sanjay V. Menghani and Angela Rivera. Experiments detailed in chapter two 

delineate DMDC as a copper-dependent antibiotic in vitro against S. pneumoniae, 

Staphylococcus aureus, Coccidioides posadasii, and Schistosoma mansoni and in vivo in a 

murine S. pneumoniae pneumonia model of infection. The third chapter of this dissertation 

LQYHVWLJDWHV�'0'&¶V�DELOLW\�WR�LQWHUDFW�ZLWK�WKH�LQQDWH�LPPXQH�V\VWHP�DQG�DLG�PDFURSKDJH�

clearance of the pneumococcus. This chapter is adapted from a manuscript submitted to the 

journal Infection and Immunity first-authored by Sanjay V. Menghani. Experiments detailed in 

FKDSWHU�WKUHH�GHVFULEH�'0'&¶V�LQWHUDFWLRQ�ZLWK�WKH�LQQDWH�LPPXQH�V\VWHP�DQG�KRZ�'0'&�

can be harnessed by macrophages for improved killing efficiency of engulfed S. pneumoniae. 

The fourth chapter of this dissertation describes the antimicrobial activity against S. 

pneumoniae RI�FRPSRXQGV�GHULYHG�IURP�'0'&�SURGXFHG�E\�:HL�:DQJ¶V�UHVHDUFK�JURXS�DW�

the University of Arizona College of Pharmacy. This chapter is adapted from a manuscript to 

be submitted to the journal Antimicrobial Agents & Chemotherapies. Experiments detailed in 

chapter four describe the chemical methodology of deriving compounds from DMDC and 

testing these compounds for antimicrobial activity. The final chapter of this dissertation 

prRYLGHV�D�VXPPDU\�DQG�FRQFOXVLRQV�RI�WKH�ZRUN�GRQH�GXULQJ�0U��0HQJKDQL¶V�JUDGXDWH�VWXG\��

In addition, this final chapter provides future directions WR�FRQWLQXH�H[SORUDWLRQ�RI�'0'&¶V�

activity as a novel copper-dependent antibiotic.  
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2 DEMONSTRATION OF N,N-DIMETHYLDITHIOCARBAMATE AS A COPPER-

DEPENDENT ANTIBIOTIC AGAINST MULTIPLE UPPER RESPIRATORY 

TRACT PATHOGENS1 

2.1 Abstract 

Transition metals are necessary cofactors and structural elements in living systems. Exposure 

to high concentrations of biologically important transition metals, such as zinc and copper, 

results in cell toxicity. At the infection site, the immune system deploys metal sorbent proteins 

(e.g., lactoferrin and calprotectin) to starve pathogens of necessary metals (such as iron), while 

phagocytes expose engulfed pathogens to high levels of other metals, such as copper and zinc. 

The opportunistic pathogen Streptococcus pneumoniae (the pneumococcus) encounters 

macrophages during initial and protracted infections. The pneumococcus employs a copper 

export pathway, which improves colonization and persistent infection of the nasopharynx and 

the upper respiratory tract. Because copper is tightly regulated in the host, we instead sought to 

leverage the localized power of nutritional immunity by identifying small molecules with 

copper-dependent toxicity (CDT) through a targeted screen of compounds for antibiotic 

efficacy. We chose to include dithiocarbamates, based on the copper synergy observed in other 

organisms with 1-(diethylthiocarbamoyldisulfanyl)-N,N-diethyl-methanethioamide 

(tetraethylthiuram disulfide, disulfiram). We observed CDT of some dithiocarbamates in S. 

pneumoniae. Only N,N-dimethyldithiocarbamate (DMDC) was consistently toxic across a 

range of concentrations with copper both in vitro and in vivo against the pneumococcus. We 

also observed various degrees of CDT in vitro using DMDC in Staphylococcus aureus, 

Coccidioides posadasii, and Schistosoma mansoni. Collectively, we demonstrate that the 

 
1 This chapter is reprinted from Menghani SV, Rivera A, Neubert M, Hagerty JR, Lewis L, Galgiani JN, Jolly ER, 
Alvin JW, Johnson MDL. Demonstration of N,N-Dimethyldithiocarbamate as a Copper-Dependent Antibiotic 
against Multiple Upper Respiratory Tract Pathogens. Microbiol Spectr. 2021 Oct 31;9(2):e0077821. doi: 
10.1128/Spectrum.00778-21. Epub 2021 Sep 1. PMID: 34468162; PMCID: PMC8557878. Reprinted with 
permission from the American Society of Microbiology and cleared on the Copyright Clearance Center marketplace.  



40 

 

compound DMDC is a potent bactericidal compound against S. pneumoniae with antimicrobial 

efficacy against bacterial and fungal pathogens.  

 

2.2 Importance 

With the rise of antibiotic resistance, approaches that add new antimicrobials to the current 

repertoire are vital. Here, we investigate putative and known copper ionophores in an attempt 

to intoxicate bacteria and use ionophore/copper synergy, and we ultimately find success with 

N,N-dimethyldithiocarbamate (DMDC). We show that DMDC has in vitro efficacy in a 

copper-dependent manner and kills pathogens across three different kingdoms, Streptococcus 

pneumoniae, Coccidioides posadasii, and Schistosoma mansoni, and in vivo efficacy against S. 

pneumoniae. As such, dithiocarbamates represent a new potential class of antimicrobials and 

thus warrant further mechanistic investigation.  

 

2.3 Keywords 

Schistosoma, Staphylococcus aureus, Streptococcus pneumoniae, Valley Fever, antibiotic, 

Coccidioides, copper-dependent toxicity 

 

2.4 Introduction 

Microbial resistance to traditional antibiotics is an existential risk and a central focus of global 

health. Innovation tends to focus on the well-studied, canonical targets VXFK�DV�WKH�FHOO�ZDOO��ȕ-

lactams) or translation (aminoglycosides) (143-145). This strong and near-global selection 

pressure is evident by examples of clinical resistance only years after introduction. By 

iteratively selecting a single target or cell function, a pathogen may only need a few mutations 

to escape. Conversely, the aseptic properties of copper are not completely understood, yet 

copper toxicity disrupts multiple components of cellular homeostasis. The current model for 

soluble copper toxicity in vivo is based on its Fenton-like redox activity and displacing native 

metal cofactors (146, 147). Within aerobic environmHQWV��LW¶V�WKRXJKW�WKDW�&X2+ is the 

predominant ion species. Endogenous reducing agents such as glutathione are easily oxidized 

by Cu2+, affording the insoluble and reactive Cu1+ ion and act to buffer excess copper (148, 

149). Much like Fe2+, Cu1+ catalytically reduces H2O2 to hydroxide ions and hydroxyl radicals. 
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Through these reactions, exposure to Cu2+ can lead to rapid generation of reactive oxygen 

species (ROS) and depletion of cellular antioxidants.  

Streptococcus pneumoniae (the pneumococcus) is a causative agent of pneumonia, 

otitis media, meningitis, and sepsis. When grown aerobically, the pneumococcus uses pyruvate 

oxidase to generate acetyl phosphate, which also produces H2O2. S. pneumoniae does not 

produce a catalase, which might suggest this bacterium is more sensitive to H2O2 stress. 

However, S. pneumoniae survives exposure to 10 mM H2O2 and produces large amounts of 

SHUR[LGH��a�����0�K-1; [H2O2]max > 1 mM) (110, 150-153). Considering these conditions, S. 

pneumoniae is remarkably resistant to Cu2+ in standard media, overcoming concentrations 

above 2 mM (110, 151, 154). This resistance and the importance of copper export in 

pneumococcal colonization and persistence make this organism an appealing model to study 

aspects of copper toxicity. 

The stability of transition metal complexes is generally understood through the Irving-

Williams series: Mn2+< Fe2+< Co2+< Ni2+ < Cu2+> Zn2+ (112). Because of the extreme stability 

of &X�FRPSOH[HV��³IUHH´�FRSSHU�LRQV�DUH�H[FHHGLQJO\�UDUH��$V�VXFK��FRSSHU�LRQV�FDQ�GLVSODFH�

most native metals from essential proteins²commonly called mismetallation (111, 147, 155). 

Mismetallated proteins are catalytically poisoned, denatured, or otherwise inactivated. Host 

macrophages import Cu1+ into the oxidizing phagolysosome via ATP7A resulting in Cu2+ 

toxicity against the phagocytosed organism (156). Indeed, in S. pneumoniae, Cu2+ displaces the 

Mn2+ cofactor of aerobic ribonucleotide reductase, NrdF, starving the cell of deoxynucleotides 

and iron-sulfur clusters in Escherichia coli (111, 118).  

While Cu itself is toxic, 8-hydroxyquinoline (8HQ) and related chelators can function 

as ionophores²overwhelming cells with Cu (125, 157-162). FDA-approved drugs such as 

disulfiram also show potent copper-dependent toxicity (CDT) (161, 163-168). In this study, we 

report the effects of several smDOO�PROHFXOHV¶�DFWLYLWLHV�RQ�WKH�JURZWK�DQG�YLDELOLW\�RI�S. 

pneumoniae in the presence or absence of copper. These compounds were tested using either 

apparent population density (OD600) and viable colony-forming units (CFU) as measures of 

antimicrobial activity. S. pneumoniae cultures were either grown overnight in varying 

treatments or a growing culture was subjected to similar treatments. The overnight growth 

curve and CFU counting both served to determine if 1) the treatment would prevent bacterial 

growth from a small inoculum and 2) would the treatment kill an established population of 
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bacteria (killing curves). In this manner, we validated whether a small molecule was a 

SURPLVLQJ�µKLW¶�IRU�&'7�� 

Human copper levels vary widely with variables of cell type, genotype, time, plus a 

multitude of environmental factors. In the case of mammalian macrophages, synchrotron x-ray 

fluorescence (XF) was used to estimate intra-phagosomal concentrations of Mycobacterium 

tuberculosis-containing vesicles. This XF study found copper concentration within M. 

tuberculosis phagosomes widely varies (µ= 426 ± 393 µM; n=7) after the first hour of 

infection (169). While broad (30-800 µM Cu), the upper limit is roughly ten to twenty-fold 

higher than a bacterium encounters outside of the phagosome (96). Based on these studies, we 

argue the concentrations used in this study (240 nM ± 1 mM) are appropriate for the in vitro 

experiments below.  

Here, we found that 8HQ + Cu2+ in S. pneumoniae had limited biocidal effects. We also 

found that disulfiram had no bactericidal properties on the pneumococcus in a metal dependent 

manner. However, the primary metabolite of disulfiram, N,N-diethyldithiocarbamate 

(DETDC), demonstrated potent CDT at mid-to-low micromolar concentrations (<100 µM), but 

no effect with copper at high concentrations. The related compound N,N-

dimethyldithiocarbamate (DMDC), is currently used as a fungicide in complex with zinc as 

Ziram (170). DMDC displayed CDT at even lower tested concentrations than DETDC against 

the pneumococcus. We performed further in vivo testing of DMDC against the pneumococcus 

using a murine model of pneumonia, showing considerable efficacy in reducing the bacterial 

load in the lungs. Lastly, we tested and observed in vitro efficacy of CDT with DMDC on 

other opportunistic pathogens: Staphylococcus aureus, a gram-positive commensal known to 

harbor extreme antibacterial resistance; Coccidioides spp., endemic fungi to the southwestern 

United States known to cause San Joaquin Valley fever (often referred to as Valley fever); and 

Schistosoma mansoni, the parasitic flatworm which infects over 200 million people worldwide 

(33, 171). Together, our data show that DMDC enhances Cu toxicity in human pathogens 

across three Kingdoms of life (bacterial, fungal, and animal).  

 

2.5 Results 

Experiments performed in Festa et al. demonstrate that 8HQ exhibits CDT against fungal and 

bacterial pathogens (125)��7KH\�VKRZ�H[SHULPHQWDOO\�WKDW��+4¶V�DFWLYLW\�DV�DQ�LRQRSKRUH�
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increases intracellular copper, overwhelming the copper-resistance mechanisms of the fungus 

Cryptococcus neoformans, leading to fungal killing (125). Due to its inherent toxicity in 

mammals, Festa et al. added an H2O2-labile pinanediol-ERUDWH�JURXS�WR��+4¶V�K\GUR[\O�JURXS��

creating quinoline boronic acid pinanediol ester or QBP, to be cleaved in conditions of 

elevated H2O2 levels (125). Festa et al. showed efficacy of QBP under H2O2-rich conditions 

and in environments such as in the phagolysosome of a macrophage, thus adding targeted 

efficacy. In contrast, we saw no 8HQ mediated CDT for wild-type (WT) pneumococcus at 

several growth inhibitory levels of copper inhibition and thus unsurprisingly, no CDT for QBP 

as well (Figure 4A, B���+RZHYHU��D�FRSSHU�H[SRUWHU�GHILFLHQW�PXWDQW��¨copA) (74) was 

susceptible to both QBP and 8HQ at all copper concentrations tested (Figure 4A, B). The 

effect of QBP did not exhibit as much CDT on WKH�¨copA mutant as compared to 8HQ but it 

was still a significant reduction (Figure 4A, B). These data demonstrated that CDT is possible 

in the pneumococcus, but only under specific conditions and potentially, with different 

compounds.  

Rather than a large-scale approach, we tested 21 compounds with known or predicted 

copper affinity to evaluate their level of CDT (Table 3, 4). These compounds were found via 

literature search of chelation and finding commercially available similar structures. While 

some compounds were already in complex with metal such as copper phthalocyanate or 

sodium copper chlorophyllin, others such as penicillamine had been used for clinical metal 

FKHODWLRQ�WKHUDS\�LQ�SDWLHQWV�ZLWK�:LOVRQ¶V�GLVHDVH�(172). To test compounds, we used growth 

curves as an initial screen followed by killing curves. The growth curves were used to test if 

lag phase bacteria can grow under the constant stress of copper plus compound and if 

differences from wild type were observed; we used killing curves to examine if any 

demonstrated CDT from growth curves was bactericidal. Tables, as based on the growth 

curves, are broken into 1) compounds that had no effect (no effect) (Table 3), 2) compounds 

that either copper restored growth in the presence of the compound, or, in high concentrations 

RI�FRSSHU��WKH�FRPSRXQG�UHVFXHG�WR[LFLW\�LQ�:7�RU�WKH�¨copA mutant (protective), 3) 

compounds that showed a concentration dependent effect of CDT and protection (protective 

V\QHUJLVWLF�VZLWFK�FRPSRXQGV������FRPSRXQGV�WKDW�VKRZHG�&'7�ZLWK�MXVW�WKH�¨copA mutant 

(mutant synergistic compounds), and 5) compounds that showed synergism against the wild 

type pneumococcus (WT synergistic) (Table 4).  
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Figure 4 - The metal-binding agent 8HQ and its prochelator form QBP do not cause a 

significant growth defect to WT TIGR4 but does cause a growth defect to ǻcopA bacteria 

(A) Percentage of maximal growth of WT TIGR4 or ǻcopA bacteria under various conditions 
in ThyB media compared to strain growth with no copper added as measured by maximum 

optical density OD600 (maximal OD600 ~ 1.0). Conditions tested included no additions to ThyB 
media, addition of 1 µM 8HQ, addition of a low level of copper (50 µM for WT and 10 µM 
ǻcopA), addition of low level of copper + 1 µM 8HQ, addition of a higher level of copper 

leading to half of maximal bacterial growth (500 µM for WT and 50 µM ǻcopA), and addition 
of a higher level of copper + 1 µM 8HQ. (B) Percentage of maximal WT TIGR4 growth under 
various conditions as measured by maximum optical density OD600. Conditions tested included 
no additions to ThyB media, addition of 1 µM 8HQ, addition of a low level of copper (500 µM 
for WT and 50 µM ǻcopA), addition of low level of copper + 1 µM 8HQ, addition of a higher 

level of copper leading to half of maximal bacterial growth (50 µM for WT and 10 µM 
ǻcopA), and addition of a higher level of copper + 1 µM 8HQ. All bars represent mean 

percentage of WT growth േ standard error of the mean (SEM) with a minimum of n = 12 
replicates per condition across 3 independent replicates. Statistical difference measured by 

6WXGHQW¶V�W-test (*p < 0.01, **p < 0.001).  
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Table 3 - Structures of compounds within drug screen showing no effect on growth of WT 

TIGR4 bacteria as measured by OD600 
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Table 4 - Structures of compounds within drug screen showing a significant effect on 

JURZWK�RI�:7�7,*5��RU�ǻcopA mutant bacteria as measured by OD600 

 

Disulfiram (Antabuse, tetraethylthiuram disulfide, TETD) has previously been seen to 

have CDT against M. tuberculosis (164). Thus, we tested TETD to see if it had any CDT 

against the pneumococcus. We found that while TETD alone prevented growth at multiple 

concentrations, adding copper returned growth to wild-type levels (Figure 5A, Figure 6A-B). 

Further, we observed that TETD alone or combined with copper did not show bactericidal 

activity (Figure 5B). TETD can be reduced to N,N-diethyldithiocarbamate (DETDC) within a 

matter of minutes inside the host (173). We found that while DETDC had CDT for 

concentrations under 250 µM, much higher concentrations were ineffective for reasons 

unknown (Figure 5C, D). Even so, there was no bactericidal activity measured in the killing 

curve, thus eliminating this compound as a viable CDT candidate moving forward (Figure 

5E). 

 



47 

 

 
Figure 5 - CDT not observed for disulfiram (Antabuse, tetraethylthiuram disulfide, 

TETD) but observed in diethyldithiocarbamate (DETDC) 

(A) Growth curve of WT TIGR4 exposed to indicated concentrations of copper sulfate and/or 
TETD (B) Killing curve of WT TIGR4 exposed to indicated concentrations of copper sulfate 

and TETD. All bars represent mean േ SD with n = 3 across 3 independent replicates. 
6WDWLVWLFDO�GLIIHUHQFH�PHDVXUHG�E\�6WXGHQW¶V�W-test (****p < 0.0001). (C) Growth curve of WT 

TIGR4 exposed to indicated concentrations of copper sulfate and DETDC (D) Growth curve of 
WT TIGR4 exposed to increasing concentrations of DETDC with constant level of copper of 
500 µM. (E) TIGR4 pneumococci were exposed to indicated concentrations of copper sulfate 

and DETDC. All bars represent mean percentage േ SD across 3 independent replicates. 
6WDWLVWLFDO�GLIIHUHQFH�PHDVXUHG�E\�6WXGHQW¶V�W-test (****p < 0.0001). 
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Figure 6 - Growth curves for representative high and low concentrations of TETD േ 

Copper 

Growth curves of WT TIGR4 exposed to indicated concentrations of copper sulfate and TETD. 
Low concentration of TETD (15.6 µM) with supplementation of 500 µM Cu2+ improves growth 
in comparison to the no copper condition. High concentration of TETD (250 µM) alone ablated 

growth while addition of 500 µM Cu2+ to high TETD leads to normal growth. All bars 
represent mean percentage േ SD with n = 3 across 3 independent replicates. 

 

N,N-dimethyldithiocarbamate (DMDC) is a compound related to DETDC with methyl 

groups replacing ethyl groups. We sought to examine DMDC for its ability to cause CDT in 

vitro, to determine if substitutions at this position would change the effects. In growth curves, 

we observed CDT for DMDC in a concentration-dependent manner with both TIGR4 and the 

¨copA mutant (Figure 7A, B). In the killing curve assay, we observed bactericidal activity in a 

DMDC-, copper-, and time-dependent manner with TIGR4 (Figure 7C-E). DMDC also 

showed CDT in the killing curve with the TIGR4 ¨copA mutant relative WT (Figure 7F). To 

further examine the bactericidal activity of DMDC we extended our killing curve in TIGR4 to 

16 hours. We found the same number of bacteria at 4 hours as we did at 16 hours implying that 
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DMDC can be broken down over time or sequestered by the bacterial milieu of live, dead, and 

dying bacteria (Figure 7G).  

 

 
Figure 7 - Robust bactericidal CDT observed for dimethyldithiocarbamate (DMDC) 

Growth curve of WT TIGR4 exposed to indicated concentrations of copper sulfate and DMDC. 
(B) Growth curve of the ǻcopA mutant strain exposed to indicated concentrations of copper 

sulfate and DMDC. (C) Killing curve for WT TIGR4 bacteria exposed to indicated 
concentrations of copper sulfate and DMDC, showing viable CFU over time. (D) Killing curve 
of WT TIGR4 bacteria with increasing concentrations of DMDC with a level of copper set to 
500 µM Cu2+. (E) Killing curve of WT TIGR4 bacteria with varying concentrations of copper 

with a level of DMDC set at 32 µM over a 4-hour time period (F) Killing curve of ǻcopA 
mutant strain exposed to indicated concentrations of copper sulfate and DMDC. (G) Killing 
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curve of WT TIGR4 bacteria with increasing concentrations of DMDC with a level of copper 
set to 500 µM Cu2+ at 2, 4 and 16 hours. (H) Killing curve of WT TIGR4 bacteria with copper 
and DMDC conditions supplemented with the addition of other metals as indicated, showing 

that addition of 250 µM Mn2+ rescues CDT for 16 µM DMDC and 250 µM Cu2+. All bars 
represent mean േ SD with n = 3 across 4 independent replicates for growth curves and across 3 
LQGHSHQGHQW�UHSOLFDWHV�IRU�NLOOLQJ�FXUYHV��6WDWLVWLFDO�GLIIHUHQFH�PHDVXUHG�E\�6WXGHQW¶V�W-test 

(****p < 0.0001). 
 

There are currently 100 different serotypes of S. pneumoniae. Therefore, we wanted to 

make sure that this CDT was not specific to just TIGR4 (serotype 4). In using the same 

concentrations DMDC and copper in the growth curves and the killing curves, we observed 

similar levels of CDT in both serotype 2 (D39) and serotype 3 pneumococcus (Figure 8A-D). 

 

 
Figure 8 - CDT observed for DMDC against multiple strains of S. pneumoniae 

A) Growth curve of WT D39 strain exposed to indicated concentrations of copper sulfate and 
DMDC. (B) Killing curve for WT D39 bacteria exposed to indicated concentrations of copper 
sulfate and DMDC, showing viable CFU over time. (C) Growth curve of WT Type 3 (ATCC® 
6303�) bacteria exposed to indicated concentrations of copper sulfate and DMDC. (D) Killing 
curve of WT Type 3 (ATCC® 6303�) bacteria exposed to indicated concentrations of copper 
sulfate and DMDC. All bars represent mean േ SD with n = 3 across 3 independent replicates 
for both growth and NLOOLQJ�FXUYHV��6WDWLVWLFDO�GLIIHUHQFH�PHDVXUHG�E\�6WXGHQW¶V�t test (****p < 
0.0001).  
 

Previously we observed that copper can displace manganese in S. pneumoniae 

ribonucleotide reductase NrdF and that this mismetallation could be rescued by adding excess 
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manganese (111). Therefore, to test if DMDC was facilitating a similar method of toxicity, we 

added both copper and DMDC to bacteria in a killing curve and tried to rescue toxicity with 

manganese, zinc, iron, calcium, and magnesium. Of these metals, only manganese was able to 

rescue the CDT caused by DMDC (Figure 7H). This experiment provides early evidence to 

the mechanism of DMDC, as it displays an ability to exacerbate copper toxicity that can be 

rescued with manganese supplementation.  

We saw a number of compounds that had no effect against the wild-type pneumococcus 

such as pyrithoxin dihydrochloride (Figure 9), no effect on wild type, but an effect on the 

¨copA mutant such as 1,10-phenalthroline monohydrate (Figure 10A, B), as well as copper 

mediated protection against the compound and the protective synergistic switch. As none of 

these compounds displayed definitive CDT in the wild-type strain, we only continued further 

study of DMDC. 

 

 
Figure 9 - Growth curve for pyrithioxin dihydroxychloride, a representative compound 

with no effect on WT growth 

Growth curve of WT TIGR4 exposed to indicated concentrations of copper sulfate and 
pyrithioxin dihydroxychloride. All bars represent mean േ SD with n = 3 across 3 independent 

UHSOLFDWHV��6WDWLVWLFDO�GLIIHUHQFH�PHDVXUHG�E\�6WXGHQW¶V�t test (no significant difference 
calculated). 
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Figure 10 - Growth curve for 1,10-phenanthroline monohydrate, a representative 

compound with no effect on WT growth but a significant ablation of ǻcopA mutant 
growth 

(A) Growth curve of WT TIGR4 exposed to indicated concentrations of copper sulfate and 
1,10-phenanthroline monohydrate (B) Growth curve of the ǻcopA mutant strain exposed to 
indicated concentrations of copper sulfate and 1,10-phenanthroline monohydrate. All bars 

represent mean േ SD with n = 3 across 3 independent replicates. Statistical difference 
PHDVXUHG�E\�6WXGHQW¶V�t test (****p < 0.0001). 

 

While the CDT efficacy of a compound against S. pneumoniae in a complex medium in 

vitro is promising, determining if DMDC works within an animal model is an important step to 

developing it for therapeutic use. The concentration of copper inside the infected lung is 

roughly 10 µM and 40 µM in infected blood (96). Given these concentrations and the nutrient 

limited environment inside the host, we decided to give DMDC at different concentrations and 

time points to test if bacterial burden could be reduced. The TIGR4 strain of S. pneumoniae is 

invasive and readily enters the bloodstream during lung infection (74). Therefore, we decided 

to test both lung and blood titers after two days post-infection. Giving an LD100 to the mice 

intranasally, we observed a significant decrease in bacterial titers after 48 hours in mice that 

were given 25 µL of 10 mM DMDC intranasally (approximately 1.6 mg/kg) 7-hours post-

infection in the blood and lungs of 8-week-old mice (Figure 11A, B). The median titers of the 
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5 mM DMDC concentration and the 10 mM amount given at 14-hours post-infection were 

lower, but the data was not significant (data not shown, Figure 11A, B).  

As the pneumococcus is also particularly detrimental to elderly human populations, we 

also tested the ability of DMDC to reduce bacterial burden in 18-month-old geriatric mice. 

Here, we not only observed significantly reduced titers in both blood and lung in the DMDC 7-

hour post-infection groups, but we also observed reduced titers in the lung 14-hours post-

infection (Figure 11C, D). Taken together, these data indicated DMDC is a viable candidate 

for treating pneumococcal lung infections.  

 

 
Figure 11 - DMDC is an effective antibiotic against a murine Streptococcus pneumoniae 

infection model 

Two groups of five, eight-week-old mice (A, B; n=10) or two groups of three 18-month-old 
mice (C, D; n=6) per treatment were infected bacteria at time 0 and DMDC at either 7 or 14 

hours post-infection. At 48 hours post-infection, animals were sacrificed and (A, C) blood, or 
(B, D; n=8) lung titers were measured. Mann-Whitney Wilcoxon ranked-sum tests were used 

to measure significant differences at p < 0.05 and p < 0.01. The bar within the data set 
UHSUHVHQWV�WKH�PHGLDQ��7KH�WHUP�³I�G�´�PHDQV�³IRXQG�GHDG�´ 
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We were interested in how broad spectrum DMDC could be to other pathogenic 

organisms. First, we tested DMDC against S. aureus. While S. aureus is a well-known cause of 

skin infections, toxic shock syndrome, and bacteremia, it can also cause pneumonia. 8HQ has 

been shown to have CDT against S. aureus (125), thus, we hypothesized that DMDC would 

demonstrate a similar antibiotic effect. In a growth curve, we observed that while DMDC had 

inherent toxicity, the addition of copper caused completely ablated bacterial growth  of 

methicillin sensitive and resistant S. aureus (MSSA and MRSA, respectively) (Figure 12A, B). 

However, upon performing the killing curve for 2 hours, we saw no CDT for DMDC against 

our MSSA strain as compared to the control population, copper alone, or DMDC alone (Figure 

12C). Taken together, while DMDC is effective at preventing growth at the lag phase, 

however, with higher concentrations of bacteria in a different phase of growth, it was 

bacteriostatic at best, and had no effect at worst. 

 

 
Figure 12 - Antimicrobial activity of dimethyldithiocarbamate (DMDC) against 

Staphylococcus aureus 

(A) Growth curve of S. aureus in BHI media with indicated concentrations of copper sulfate 
and DMDC. (B) Kill curve of S. aureus exposed to indicated concentrations of copper sulfate 

and DMDC. All bars for growth curve represent mean percentage ± SEM with a minimum of n 
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= 18 replicates per condition across 3 independent replicates. Statistical significance 
GHWHUPLQHG�E\�WKH�6WXGHQW¶V�W-test (****p < 0.0001).  

 

The next pathogen we tested DMDC against was the fungus C. posadasii. The life cycle 

of Coccidioides species is to transition from mycelia in the environment which generates 

arthroconidia and if inhaled, grow as spherules in the lungs. Endospores develop within 

spherules, and, with spherule rupture, each can propagate into a new spherule to perpetuate and 

expand the infection. While Coccidioides LVQ¶W�VSUHDG�IURP�SHUVRQ-to-person and can be 

suppressed by the host immune system, severe cases require antifungals and even so, is 

sometimes not enough to clear the potentially lifelong infection (26).  

We expected C. posadasii would be susceptible to DMDC, as zinc 

dimethyldithiocarbamate is a common fungicide. We tested DMDC for CDT against C. 

posadasii in the mycelial and spherule stages. After varying concentrations of DMDC and 

copper (similar to bacterial killing curves) and observing a reduction in viable C. posadasii 

organisms, we concluded that DMDC had CDT on both mycelial and spherule life stages in a 

copper and DMDC dependent manner (Figure 13A, B). Taken together, based on this in vitro 

data, DMDC is a viable option for future therapeutic studies for C. posadasii and the other 

species of the genus, Coccidioides immitis. After demonstrating both antibacterial and 

antifungal effects of DMDC and through additional collaboration, we sought to test DMDC 

against an animal parasite.  

 

 
Figure 13 - Coccidioides posadasii displays decreased recovery after exposure to DMDC 

and copper. 
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CDT was measured in (A) mycelial or (B) spherule killing after incubation in the listed 
concentrations of DMDC and copper for 48 hours. All bars represent mean percentage േ SEM 

with a minimum of n = 3 replicates per condition across 3 independent replicates. Statistical 
GLIIHUHQFH�PHDVXUHG�E\�6WXGHQW¶V�W-test (****p < 0.0001). 

 

Schistosoma life cycles require both a molluscan intermediate host and a definite 

mammalian host. After adhering to host skin, their larvae called cercariae bore through the skin 

of mammalian using proteases. The adult worms pair and mate producing hundreds of eggs 

GDLO\��6FKLVWRVRPLDVLV��WKH�KRVW¶V�LPPXQH�UHVSRQVH�WR�WKHVH�HJJV��FDQ�OHDG�WR�

hepatosplenomegaly, pulmonary hypertension, urethral and bladder fibrosis, bladder and 

colorectal cancer, and death (174, 175). The primary treatment for schistosome infection has 

been praziquantel, however, its efficacy in single dosage and noncompliance as a result of its 

taste and gastrointestinal side effects has created challenges in treatment (176). To test the 

CDT against S. mansoni, we used newly transformed and lung stage schistosomula; two 

developmental stages where praziquantel is not effective (35). We found DMDC to have CDT 

against S. mansoni in a compound dependent manner in both stages (Figure 14, Figure 15A). 

There was no reduction in viability at 10 µM DMDC without copper, however, at 

concentrations as low as 2 µM DMDC with 10 µM copper, there was no viability (Figure 14). 

Further, we found that DETDC was also efficacious as an anti-helminthic of S. mansoni newly 

transformed and lung stage schistosomula at the same concentrations, but similarly to the 

results in the pneumococcus, not effective at higher concentrations (Figure 15B, C). Taken 

together, CDT is a feasible therapeutic for a variety of pathogenic organisms.  
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Figure 14 - DMDC in combination with copper, decreases lung stage Schistosoma 

mansoni viability. 

DMDC was added to the indicated concentrations with (red bars) or without (blue bars) 10.0 
µM CuSO4.  Bars represent mean percentage viability േ SD with n=90 per biological replicate 
with three independent replicates. Statistical differences were measured using multiple paired 
t-tests with two-stage step-up (Benjamini, Krieger, and Yekutieli) and FDR of 1.00% (****p 

<0.0001, ns= not significant). 
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Figure 15 - DMDC and DETDC CDT in S. mansoni. 

(A) DMDC treatment was given with copper supplementation at 10 µM to newly transformed 
S. mansoni schistosomula. B. DETDC treatment was given with copper supplementation at 10 
µM in the (B) lung stage or (C) Newly transformed stage. Bars represent mean percentage 

viability േ SD with n=90 per biological replicate with three independent replicates. Statistical 
differences measured using one-ZD\�$129$�ZLWK�7XNH\¶V�PXOWLSOH�FRPSDULVRQV��****p 

<0.0001, ns= not significant). 
 

2.6 Discussion 

In this study, we sought to screen a variety of small molecules for bacteriostatic and 

bactericidal activities. We quickly realized that not all copper ionophores are created equal in 

this regard. Based on observing CDT in the copper exporter mutant with 8HQ, but not the 

wild-type TIGR4 pneumococcus, we hypothesize that copper accumulation inside the bacteria 

impacts the effectiveness of CDT. While there are limited data describing flux of copper 

(specifically by comparing copper exporters) we have previously described that the ¨copA 

mutant accumulates significantly more copper than its wild-type counterpart under equal 

amounts of copper stress (111). Therefore, we hypothesize that the DMDC causes CDT by 

increasing the concentration of copper inside the pathogen (Figure 16). This phenomenon 
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occurs either by DMDC binding copper and increasing its import, or once inside, slowing 

FRSSHU¶V�H[SRUW��Figure 16). As such, this could be a reason why the ¨copA mutant was more 

susceptible to copper complexed with 8HQ, QBP, and DMDC (Figures 4A, 4B, 6B, and 6F). 

We further hypothesize that based on this data, that ionophore affinity for copper 

directly DIIHFWV�LWV�&'7��,Q�HVVHQFH��WKLV�VFUHHQ�ZDV�DQ�H[HUFLVH�LQ�ILQGLQJ�D�³*ROGLORFNV�]RQH´�

copper ionophore (Figure 16). If the compound is bound tightly, it could be seen as protective 

as it strongly chelates copper from weaker ligands. Indeed, proteins that require copper 

generally have extremely low dissociation constants. If a compound is bound loosely to 

copper, it would likely have a blunted or negligible effect, especially if the organism has a 

robust copper efflux system. We believe this was observed with 8HQ in the wild-type 

SQHXPRFRFFXV�EXW�GXH�WR�WKH�UHGXFHG�HIILFDF\�RI�WKH�¨copA mutant to export copper, we 

indeed observed CDT (Figure 3A���7KH�³MXVW�ULJKW´�FRPSRXQG�ZLWKLQ�RXU�VFUHHQ�ZDV�'0'&�

showing efficacy in the wild-type pneumococcus (both in vitro and in vivo), C. posadasii, S. 

mansoni, and to a lesser degree, S. aureus. While speculative, a combination of modulating an 

RUJDQLVP¶V�FRSSHU�IOX[�DQG�DQ�LRQRSKRUH¶V�DIILQLW\�PD\�\LHOG�D�SDWK�WR�QHZ�WUHDWPHQWV�  

 



60 

 

 
Figure 16 - Overview Model of DMDC CDT 

Compounds with a higher affinity for copper ions are likely protective from copper-dependent 
WR[LFLW\�H[SHULHQFHG�E\�WKH�SQHXPRFRFFXV��&RPSRXQGV�OLNH�'0'&�IDOO�LQWR�WKH�³*ROGLORFNV�
=RQH´�ZKHUH�WKH�DIfinity for copper is not too high or low. These compounds have the potential 

to direct copper ions into the bacterium, leading to synergistic copper-dependent toxicity via 
increased intracellular copper concentration, increased mismetallation, and Fenton reactions, 
ultimately promoting bacterial cell death. Compounds with a low affinity for copper likely do 

not display copper dependent toxicity. 
 

We are acutely aware that mere copper binding to an ionophore alone is not the sole 

factor governing CDT. Indeed, the compounds that had no effect simply may not have caused 

CDT due to an inability to cross the bacterial cell wall, membrane, or capsule. Descriptions of 

copper toxicity in biological systems tend to include either induction of increased intracellular 

oxidative stress via Fenton chemistry and/or mismetallation as the central components. At least 

in the case of the pneumococcus, our previous data shows that oxidative stress did not correlate 

to virulence or overcoming copper toxicity (74, 111). As such, we believe that the CDT here is 

ultimately due to mismetallation within the organism, driven by the uncontrolled entry of 
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DMDC-loaded copper ions. This in turn leads to copper mismetallation of bacterial proteins 

due to its high affinity and stability for binding resulting in bacterial death (112). While some 

targets of copper mismetallation have been identified (e.g. NrdF), most proteins bind tightly to 

and can react with copper ions (111). Exploring this perspective mechanism of toxicity will be 

subject to future studies.  

In mouse models of infection, the concentration of copper in the infected lung and 

infected blood is roughly 10 µM and 40 µM respectively (from 6 µM and 11 µM in uninfected 

lung or blood respectively). One factor that likely contributes to the higher concentration of 

copper in these environments is the increased presence of ceruloplasmin, a copper containing 

protein as it is an acute phase reactant upregulated during conditions of infection and 

inflammation in lungs and serum (177). While no major differences in amount produced as a 

function of age have been detected, the aged (65-���\HDUV�ROG��SRSXODWLRQV¶�FHUXORSODVPLQ�

versus the 15-40 and 40-65-year-old groups tended to contain copper in the oxidized form 

versus the reduced form (178). DMDC efficacy was significant in both the 8-week-old mice 

and the 18-month-old mice at the 7-hour post-infection treatment, but only significant at 14-

hours with the geriatric mice. Differences in copper oxidation states, in complex with DMDC, 

and copper accessibility under treatment need to be considered regarding using DMDC as a 

potential future treatment for infections (Figure 7). As such, further studies of DMDC should 

focus on how the compound works within a bacterium and in concert with the immune system. 

DMDC appears to have some efficacy against S. aureus (Figure 12A-B), however, this 

was not consistent throughout our assays (Figure 12C). While DMDC may work by a different 

mechanism to cause toxicity within S. aureus in comparison to S. pneumoniae it is also 

FRQFHLYDEOH�WKDW�DV�PHQWLRQHG�DERYH��'0'&�PD\�QRW�KDYH�PHW�WKH�³*ROGLORFNV¶�]RQH´�

requirement for S. aureus. Nevertheless, due to growing antibiotic resistance in S. aureus, 

testing if it responds to additional compounds in our screen will be subject to further study. 

Testing if other strains of S. aureus respond to DMDC is another avenue of future 

experimentation, as it is widely accepted in the S. aureus literature that there are differences 

between S. aureus subsp. aureus Rosenbach �$7&&����������DQG�PRGHUQ�066$�(179, 

180).  

DMDC appears to be a promising compound against Coccidioides infections showing 

CDT in both the mycelial and spherule stages (Figure 13). Coccidioidomycosis is designated 
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E\�WKH�)RRG�DQG�'UXJ�$GPLQLVWUDWLRQ�DV�DQ�³RUSKDQ�GLVHDVH´�EHFDXVH�LWV�SUHYDOHQFH�LV�OHVV�

than 200,000 infections in the United States. As such, drug development as a treatment 

specifically for this disease has not been pursued. In the last four decades, no drug has been 

approved by the FDA for treating coccidioidomycosis, and, currently, virtually all drug therapy 

for coccidioidomycosis is an off-label use of other antifungals (181). The finding here that 

DMDC shows promise against Coccidioides is particularly encouraging because of its potential 

for development for other infections with much larger markets. Should DMDC or a related 

congener be approved for any indication, post-marketing studies might result in finding a role 

for its treatment of coccidioidomycosis as has been the case for many other drugs. 

The efficacy of DMDC in early schistosomula and DETDC in lung stage schistosomula 

(Figure 14, Figure 15A-C) is an exciting hit for potential treatment or co-treatment of early S. 

mansoni. Infection clearance and reinfection are significant issues with large scale drug 

administration programs (182, 183). It is likely the variable efficacy of praziquantel against 

different developmental stages in the human host is exacerbating this problem. Praziquantel is 

highly effective against adult stage parasites that have spent 6 weeks developing in the 

bloodstream but is ineffective against the early juvenile stages in the blood (35). Given the 

standard method of diagnosis is egg production that only occurs when adult worms are 

reproducing it is unclear if juveniles remain after treatment and a premature diagnosis of 

disease clearance can be given (184, 185). 

Overall, we present data from a small molecule screen showing that DMDC is a copper-

dependent antibiotic against S. pneumoniae and has effectiveness against a range of pathogens, 

from bacteria to fungi to parasites. While choosing compounds for this study was relatively 

pneumococcal-centric, we acknowledge any number of the other compounds that were not 

effective in the pneumococcus could have had CDT to a higher degree in C. posadasii, S. 

mansoni, and S. aureus. Nevertheless, the ability of dithiocarbamates (among other copper 

chelators) to augment copper toxicity necessitates further examination.   

 

2.7 Materials and Methods  

2.7.1 Bacterial Culture 

Todd Hewitt Broth + yeast extract (THYB) (BD Biosciences, USA) was prepared according to 
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manufacturer's instructions. Yeast extract was added to final concentration of 0.2%. Final 

solution was set to pH 6.6. Tryptic Soy Agar (TSA) (Hardy Diagnostics, USA) was dissolved 

LQ�GHLRQL]HG�ZDWHU�DQG�DXWRFODYHG��$IWHU�FRROLQJ�DXWRFODYHG�76$�����GHILEULOODWHG�VKHHS¶V�

EORRG��+HPR6WDW�/DERUDWRULHV��RI�ILQDO�YROXPH�DQG����ȝJ�P/�QHRP\FLQ�ZHUH�DGGHG�WR�WKH�

solution. These plates (blood agar plates ± BAP), were used for routine culture on solid media. 

Copper stock solutions at 1 M were prepared from CuSO4 pentahydrate (VWR Life Sciences, 

USA) in Milli-4�JUDGH�ZDWHU��������0��FP-1). Colonies from freshly-streaked plates were 

placed into THYB and grown at 37 oC in 5% CO2, to an optical density (OD600) of 0.13. To 

prepare working stocks of viable S. pneumoniae, growing cultures are resuspended in fresh 

media +20% v/v glycerol and stored at -80o C. Aliquot viability and CFU were determined as 

discussed below before use in experiments. Glycerol stock aliquots were diluted 1:5 into 

THYB with indicated copper and compound concentrations for assays.  

 

Brain Heart Infusion broth (BHI Media) (Sigma, USA) was prepared following the 

manufacWXUHU¶V�LQVWUXFWLRQV�E\�GLVVROYLQJ�LQ�GHLRQL]HG�ZDWHU�DQG�DXWRFODYHG��0DQQLWRO�6DOW�

$JDU��06$���0LOOL3RUH�6LJPD��86$��ZDV�SUHSDUHG�IROORZLQJ�PDQXIDFWXUHU¶V�LQVWUXFWLRQV��

MSA was dissolved in deionized water and autoclaved before pouring into petri dish plates for 

routine culture on solid media. Staphylococcus aureus subsp. aureus Rosenbach (ATCC® 

���������WHUPHG�066$�KHUH��DQG�S. aureus 056$��$7&&����������ZHUH�JURZQ�DW����oC 

in 5% CO2 to an OD600 of 0.13 and diluted 1:5 into BHI for assays. Aliquot viability and 

density were validated before use in experiments. 

 

2.7.2 Growth Curves 

:H�SXUFKDVHG�������SXULW\�VDPSOHV�RI�HDFK�VPDOO�PROHFXOH��(DFK�FRPSRXQG�ZDV�GLVVROYHG�LQ�

DMSO, DMF, ethanol, or water and diluted as needed. Where compounds were water-soluble, 

dilutions were performed into sterile THYB. Clear 96 well polystyrene plates (Greiner) were 

arranged to test a range of concentrations from 1 mM diluted fourfold down to 0.24 and a 0 

µM control. Frozen aliquots of S. pneumoniae or S. aureus were thawed and diluted five-fold 

into fresh ThyB or BHI respectively before adding 20 µL per well into a total well volume of 

200 µL (1:50 total dilution). Assay plates were loaded into a Biotek Cytation5 (Biotek, 

Vermont, USA) pre-equilibrated to 37 °C and 4% CO2. Gas control settings were modified for 
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DQ�HOHYDWLRQ�RI�����P�DFFRUGLQJ�WR�PDQXIDFWXUHU¶V�GLUHFWLRQV��7KH�SURWRFRO-maintained 

temperature and CO2, while measuring absorbance at 600 nm every 30 minutes for 12-16 h. 

 

2.7.3 Killing Curves 

Aliquots of S. pneumoniae and S. aureus were thawed and diluted ten-fold into assay 

conditions prepared in THYB or BHI, respectively. After the indicated incubations at 37 oC in 

5% CO2, samples were serially diluted, plated on BAP or MSA (respectively), incubated 

overnight at 37 oC in 5% CO2, and counted to determine viable CFU. Colonies on each plate 

were counted and multiplied by appropriate dilution factor based on which dilution it was to 

determine CFU. 

 

2.7.4 Animal Experiments 

All mouse studies were conducted with prior approval and under the guideline of the 

Institutional Animal Care and Use Committee at the University of Arizona, IACUC protocol 

number 18-410, R35 GM128653. All mice were maintained in a biosafety level 2 (BSL2) 

facility and monitored daily for signs of moribund. Eight-week-old female BALB/cJ mice 

(Jackson Laboratory) or 18-month-old male and female C57 BL/6 (National Institute on 

Aging) were anesthetized with 3% isoflurane and intranasally infected with an inoculum of 

1x107 CFU viable S. pneumoniae in 25 µL of Tris-Buffered Saline (TBS ± 50 mM Tris, 150 

P0�1D&O��S+�������&RKRUW�FRQWUROV�ZHUH�JLYHQ����ȝO�7%6��$W���RU����KRXUV�SRVW-infection, 

mice were treated with doses of with intranasal DMDC (0.8 mg/kg or 1.6 mg/kg) in 25 uL 

TBS. Mice were sacrificed by CO2 asphyxiation and immediately dissected for lung and blood 

collection 48 hours post-infection. Lung tissue was collected into 1.5 mL tubes, containing 

500-ȝO�3KRVSKDWH�%XIIHUHG�6DOLQH��'3%6��*LEFR����DIWHU�D�EULHI�LQLWLDO�ZDVK�LQ����-ȝO�3%6�WR�

remove any excess blood during dissection. The tissue was then homogenized and centrifuged 

for 30 seconds at 400 rfc. Blood samples (5-ȝO�YROXPH��ZHUH�SODFHG�LQ�D����ȝO�YROXPH�3%6�

solution with heparin (10 UI/mL). Both lung and blood samples were then serially diluted 1:10 

and plated on TSA blood plates and incubated overnight at 37 °C and 5% CO2 for growth. 

Resulting bacterial colonies were counted for quantification and comparison.  
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2.7.5 Coccidioides posadasii Viability Studies 

Coccidioides posadasii strain Silveira cultures (Cp) were grown to maturity on 2X glucose-

yeast extract (GYE) agar, and arthroconidia (spores) were harvested as previously described in 

(186). Cultures were then incubated with indicated concentrations of CuSO4 and sodium 

dimethyldithiocarbamate. The mycelial phase test was performed at the mycelial phase for 48 

hrs., 37 °C, static. The spherule test was performed at spherule phase for 72 hrs, 38°C, 180 rpm 

DQG�����&2ၷ�LQ�0RGLILHG�&RQYHUVH�0HGLD�(187, 188). After the respective incubation periods, 

each sample was diluted 1:100 and plated on GYE to measure viability. The GYE plates were 

incubated at 37°C for 4 to 7 days. All manipulation of live fungus was performed at biosafety 

level 3 with University of Arizona Institutional Biosafety Committee approval. 

 

2.7.6 Juvenile Parasite Collection and Culture 

Biomphalaria glabrata snails infected with Schistosoma mansoni (NMRI strain) were obtained 

from Biomedical Research Institute (BRI; Rockville, MD). Cercariae were shed and 

mechanical transformation was performed as previously described (189). Newly transformed 

schistosomula (NTS) were cultured at 37 oC in 5% CO2 using DMEM (Gibco) media 

supplemented with 10% FBS and 20000 units penicillin and 20 mg streptomycin/mL (2x 

PenStrep). 

 

2.7.7 DMDC Juvenile Parasite Viability Screening 

Approximately 90 schistosomula per well were cultured in a 96-well plate, and each treatment 

was administered in triplicate. All treatments, including the untreated control samples, were 

SHUIRUPHG�LQ�D�����ȝ/�WRWDO�YROXPH�RI�FRPSOHWH�'0(0��*LEFR��VXSSOHPHQWHG�ZLWK�����)%6�

and 2x PenStrep and carried out overnight. Newly transformed schistosomula were treated 

immediately after transformation²lung stage schistosomula were cultured for 14 days before 

WUHDWPHQW�ZDV�DGPLQLVWHUHG��%ORRG�VXSSOHPHQWDWLRQ������ȝ/�FRQFHQWUDWHG�KXPDQ�UHG�EORRG�

cells with EDTA, was given after two days of in culture for lung stage schistosomula and 

repeated HYHU\�WZR�GD\V��3URSLGLXP�LRGLGH��3,��DW���ȝJ�P/�ZDV�XVHG�WR�VWDLQ�GHDG�FHOOV�ZLWKLQ�

WKH�VFKLVWRVRPXOD��)OXRUHVFHLQ�'LDFHWDWH��)'$��DW�����ȝJ�P/�ZDV�XVHG�WR�VWDLQ�OLYH�

schistosomula (190). Leica DMI8 fluorescent microscope 10x objective was used to observe 

and count individuals under brightfield using the Texas red cube set for PI visualization. FITC 
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cube set was used for FDA visualization. Parasites showing any level of PI staining were 

considered non-viable. Viable individuals were both positive for fluorescein diacetate staining 

and negative for PI staining. Viability was calculated as follows (FDA positive only/ Well 

Total Population x 100 = Viability Percentage).  
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2.9 Link to Next Chapter 

Following the publication of this chapter as a publication in Microbiology Spectrum, several 

questions remained:  

x How does DMDC work as an antimicrobial? From a bacterial perspective, what 

processes does it disrupt? 

x How does DMDC work in the context of the immune system? Does it work to increase 

macrophage killing efficiency like 8HQ did in Festa et al. (125)? 

x There are some drawbacks to utilizing DMDC itself, namely concerns of neurotoxicity 

at dosages 100x the dose we used in our murine experiments (191). Can we derive 

compounds starting with DMDC into new compounds with equal level of bactericidal 

effect and potentially less toxicity for murine models? 

Additional experiments were carried out to answer these questions and others.  
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3 N,N-DIMETHYLDITHIOCARBAMATE ELICITS PNEUMOCOCCAL 

HYPERSENSITIVITY TO COPPER AND MACROPHAGE-MEDIATED 

CLEARANCE2 

3.1 Abstract 

Streptococcus pneumoniae is a Gram-positive, encapsulated bacteria that is a significant cause 

of disease burden in the pediatric and elderly populations. The rise in unencapsulated disease-

causing strains and antimicrobial resistance in S. pneumoniae has increased the need for 

developing new antimicrobial strategies. Recent work by our lab has identified N,N-

dimethyldithiocarbamate (DMDC) as a copper-dependent antimicrobial against bacterial, 

fungal, and parasitic pathogens. As a bactericidal antibiotic against S. pneumoniae��'0'&¶V�

ability to work as a copper-dependent antibiotic and its ability to work in vivo warranted 

further investigation. Here, our group studied the mechanisms of action for DMDC in various 

PHGLD�DQG�H[FHVV�PHWDO�FRQGLWLRQV��DQG�LQYHVWLJDWHG�'0'&¶V�LQWHUDFWLRQV�ZLWK�WKH�LQQDWH�

immune system in vitro and in vivo. Of note, we found that DMDC + copper significantly 

increased internal copper concentration, hydrogen peroxide stress, nitric oxide stress, in vitro 

macrophage killing efficiency, and decreased capsule. Further, we found that in vivo DMDC 

treatment increased the quantity of innate immune cells in the lung during infection. Taken 

WRJHWKHU��WKLV�VWXG\�SURYLGHV�PHFKDQLVWLF�LQVLJKWV�UHJDUGLQJ�'0'&¶V�DFWLYLW\�DV�DQ�DQWLELRWLF�

at the host-pathogen interface. 

 

3.2 Importance 

Streptococcus pneumoniae is a causative agent of significant disease burden in the pediatric 

and elderly populations. Although there are vaccines against several pathogenic strains of the 

pneumococcus, there is a growing trend of disease caused by non-vaccine strains. Additionally, 

there is a growing rise in prevalence of antibiotic-resistant S. pneumoniae. As a result, there is 

a pressing need to discover and develop novel antimicrobial strategies against S. pneumoniae. 

Here, we investigated N,N-dimethyldithiocarbamate (DMDC) as a copper-dependent 

 
2 This chapter reprinted from a manuscript authored by Sanjay V. Menghani, Madeline P. Cutcliffe, Yamil Sanchez-
Rosario, Chansorena Pok, Alison Watson, Miranda J. Neubert, Hsin-Jung Joyce Wu, and Michael D. L. Johnson 
WLWOHG�³N,N-dimethyldithiocarbamate elicits pneumococcal hypersensitivity to copper and macrophage-mediated 
FOHDUDQFH�´�7KLV�PDQXVFULSW�ZDV�VXbmitted to Infection and Immunity and is to be re-submitted in early 2022.   
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DQWLPLFURELDO��:H�SURYLGH�PHFKDQLVWLF�LQVLJKWV�LQWR�'0'&¶V�FRSSHU-dependent toxicity from 

D�EDFWHULDO�SHUVSHFWLYH��DV�ZHOO�DV�IURP�WKH�KRVW�LQQDWH�LPPXQH�V\VWHP¶V�SHUVSHFWLYH��

Ultimately, we show that DMDC and other copper-dependent antimicrobials can work at the 

host-pathogen interface to reduce bacterial burden and subsequently reduce disease burden.  

 

3.3 Keywords 

Streptococcus pneumoniae, dimethyldithiocarbamate, DMDC, macrophages, antibiotic, copper 

 

3.4 Introduction 

Streptococcus pneumoniae (the pneumococcus) is a Gram-positive bacteria that is typically 

carried asymptomatically in the nasopharynx in the pediatric population (192). S. pneumoniae 

is a significant cause of acute otitis media, community-acquired pneumonia, bacterial sepsis, 

and meningitis (193). Despite increased utilization of the Pneumococcal conjugate vaccine 

(PCV), there is still a significant disease burden globally, contributing to 3.7 million episodes 

of severe pneumococcal disease and up to 515,000 pediatric deaths due to pneumococcal 

disease in 2015 (194). In a recent study of children in Northern Ghana, post-vaccination 

carriage of S. pneumoniae was dominated by serotypes not covered by the vaccine (195). This 

disease burden is not limited to the pediatric population, as the pneumococcus was responsible 

for over 494,000 deaths in the elderly (those over 70 years old) in 2016 (196). Further studies 

have shown increases in strains not covered by the conjugate vaccine of S. pneumoniae causing 

invasive disease (197). In addition, the threat of antibiotic resistance in S. pneumoniae creates 

a further impetus to develop novel antimicrobial strategies (137). The United States Centers for 

Disease Control identified drug-resistant S. pneumoniae as a serious threat in their 2019 report 

³$QWLELRWLF�5HVLVWDQFH�7KUHDWV�LQ�WKH�8QLWHG�6WDWHV´�(198). 

  There is strong evidence for the interplay between the pneumococcus and the innate 

immune system. The pneumococcus is engulfed and destroyed by phagocytes, including 

macrophages and neutrophils (63). There is evidence for the cooperative bactericidal activity 

of these two innate immune cell populations (64). Neutrophils degrade phagocytosed S. 

pneumoniae via serine proteases like neutrophil elastase and cathepsin G (CG) (65). Neutrophil 

depletion has been shown to ablate pneumococcal clearance rates in a murine pneumonia 

model (66). Macrophage LC3-associated phagocytosis (LAP) is an established immune 
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defense that contributes to S. pneumoniae clearance (67). LAP-mediated bacterial killing is 

diminished in aged mice compared to young mice (67). Alveolar macrophages also utilize 

apoptosis-associated bacterial killing to prevent murine pneumonia (199). The macrophage 

phagolysosome uses several mechanisms to clear engulfed pathogens, including hydrogen 

peroxide stress, nitric oxide stress, low pH, activated proteases like lysozyme, and copper 

intoxication (59). Accordingly, the pneumococcus has evolved to utilize a copper efflux 

ATPase, CopA, to efflux increased intra-bacterial copper to antagonize macrophage-mediated 

copper intoxication. (74). These innate immune cell types are crucial for controlling S. 

pneumoniae infection in the human host (200).  

The pneumococcus produces several additional factors that contribute to innate immune 

cell evasion. The pneumococcus produces neutrophil elastase-inhibitors that reduce damage to 

the lung caused by neutrophils during pneumococcal pneumonia, thus decreasing inflammation 

and increasing bacterial survival (75). S. pneumoniae also produces the autolysin, LytA, which 

contributes to capsule shedding and the release of the intracellular pneumolysin, Ply (72). As a 

result of autolyzed bacterial contents being in the blood, phagocytosis of intact bacteria by 

peripheral blood mononuclear cells is impaired (71, 201, 202). Accordingly, there is also a 

substantial body of evidence to suggest that the pneumococcus may be more prone to infecting 

the elderly due to a decline in innate immune system activity with age (67, 203, 204). 

At the host-pathogen interface, there is a battle for nutrients. As the host tries to restrict 

WKH�SDWKRJHQ¶V�DFFHVV�WR�DYDLODEOH�YLWDPLQV�DQG�QXWULHQWV��WKH�SDWKRJHQ�LV�XSUHJXODWLQJ�

mechanisms to steal these necessary factors for growth. This battle, knowQ�DV�³QXWULWLRQDO�

LPPXQLW\�´�LV�D�FUXFLDO�FRPSRQHQW�RI�WKH�LQQDWH�LPPXQH�V\VWHP�IRU�SDWKRJHQLF�FOHDUDQFH�(205, 

206). While transition metals Ca, Mn, Zn, and Fe are necessary for pneumococcal growth, Cu 

and Zn are toxic in excess (207, 208). The human host innate immune system has developed 

strategies to sequester essential metal cofactors like Ca, Fe, Mn, and Zn, while pathogens have 

evolved mechanisms to counteract these sequestration strategies (209-212).  

While toxic to some bacteria in high amounts, copper is well utilized and well-

regulated in humans. Copper dysregulation in humans is observed in the rare genetic 

FRQGLWLRQV�:LOVRQ¶V�'LVHDVH��KHSDWROHQWLFXODU�GHJHQHUDWLRQ��DQG�0HQNH¶V�'LVHDVH�(213, 214). 

In vivo mutation of the copper transporter ATP7A, the same transporter mutated in human 

0HQNH¶V�GLVHDVH��KDV�EHHQ�VKRZQ�WR�GHFUHDVH�PDFURSKDJH�UHVSRQVH�WR�GHUPDO�ZRXQGV�(215). 
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Thus, among the many mechanisms the phagolysosomes utilize, copper intoxication of 

engulfed pathogens for bactericidal activity is a vital yet understudied strategy. Copper 

generally increases in concentration in areas of infection (61, 62). For specific cells such as the 

macrophage, the ATP7A copper-transporting ATPase is a mediator for delivering copper into 

the phagolysosome, without which bacterial clearance is significantly compromised (58). 

Macrophage-activating cytokines like IFN-Ȗ increase the phagolysosome's copper levels, 

priming for bactericidal activity (58). Peritoneal macrophages of copper-deficient rats display 

impaired respiratory burst and fungicidal activity (60). There is a growing body of evidence to 

use increased Cu and Zn to directly intoxicate intracellular pathogens within phagocytes as an 

antibiotic mechanism (124). In 2014, Festa et al. developed a copper-dependent antimicrobial 

against the fungus Cryptococcus neoformans that increases the efficiency of macrophage 

fungicidal activity (125). The role of antibiotics interacting with macrophages is complex and 

antibiotic-dependent (216). It is unclear whether most antibiotics in clinical use are taken up by 

PDFURSKDJHV�DQG�LPSURYH�D�PDFURSKDJH¶V�LQKHUHQW�NLOOLQJ�UDWH�RU�DLG�LQ�WKH�FOHDULQJ�UDWH�post 

hoc of antibiotic-poisoned pathogens (216).  

Our laboratory has recently identified N,N-dimethyldithiocarbamate (DMDC) as a 

compound that can serve as a copper-dependent antibiotic against the pneumococcus from a 

small molecule screen of copper ionophore compounds (217). While additional copper 

ionophore compounds have been identified, the mechanisms of action remain not very well 

understood (218-220). Here, we investigated the mechanism of DMDC activity as a copper-

dependent antimicrobial at the host-pathogen interface. We demonstrated that DMDC is 

effective as an antibiotic in a nutrient-rich medium (M17) and a medium traditionally used for 

culturing leukocytes to more closely mimic the host niche (Roswell Park Memorial Institute 

(RPMI) 1640) (221)��:H�GHPRQVWUDWHG�WKDW�'0'&¶V�FRSSHU-dependent toxicity requires 

constant exposure and that cold-WHPSHUDWXUH�WUHDWPHQW�DEODWHG�'0'&¶V�NLOOLQJ�HIIHFW��:H�DOVR�

demonstrated that exposure to DMDC causes an increase in copper within the bacterial cell, 

further providing evidence to exacerbating mismetallation as a killing mechanism due to 

PDQJDQHVH¶�DELOLW\�WR�UHVFXH�'0'&¶V�FRSSHU-dependent toxicity. Additionally, we explored 

'0'&¶V�SRWHQWLDO�WR�DLG�PDFURSKDJH-mediated killing and subsequent clearance mechanisms, 

finding that increased zinc levels, hydrogen peroxide exposure, and nitric oxide exposure are 

potential mechanisms by which DMDC aids macrophage-mediated killing. Furthermore, we 
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demonstrated that combination treatment of DMDC and copper decreases S. pneumoniae 

capsule, a mechanism utilized by the bacteria to prevent opsonization and phagocytosis by 

macrophages. Lastly, we demonstrated that DMDC increased macrophage, dendritic cell, and 

neutrophil recruitment to the lung during infection. Taken together, we provided insights into 

DMDC as a copper-dependent antibiotic that can work to aid innate immune clearance of S. 

pneumoniae. 

 

3.5 Results 

Our laboratory conducted a targeted small molecule screen for compounds with ionophoric 

properties that can serve as a copper-dependent antibiotic against the pneumococcus (217). 

Additionally, our laboratory reviewed the composition of growth media for S. pneumoniae 

exposing heterogeny in the characteristics of bacteria grown in nutrient-rich media (like Todd-

+HZLWW�%URWK�DQG�0���PHGLD��LQ�FRPSDULVRQ�WR�D�PRUH�³PLQLPDO´�KRVW-niche-mimicking 

media (like RPMI) (222). We performed growth curves and killing curves to further examine 

this dichotomy utilizing nutrient-rich M17 media and host-niche-mimicking RPMI, as RPMI is 

traditionally used for cell culture of lung epithelial cells and leukocytes (221, 223). In vitro 

growth curve assessment of TIGR4 S. pneumoniae in M17 media supplemented with copper ± 

DMDC demonstrated a significant growth defect observed with the combination of 500 µM 

Cu2+ + 32 µM DMDC (Figure 17A), which is equivalent to the combination required for 

toxicity seen in previously in ThyB (217). Incubation with the combination condition obtained 

a significant decrease in CFU/mL to a level below our level of detection at t = 120 minutes, 

indicating bactericidal activity for the 500 µM Cu2+ + 32 µM DMDC combination (Figure 

17B). Our previous work identifying DMDC as a copper-dependent antibiotic showed in vivo 

efficacy in a murine pneumonia model (217). Since the compound has efficacy in vivo, we 

wanted to explore further how this compound works in a more nutrient-restricted and host-

niche-mimicking media, such as RPMI 1640. An in vitro growth curve assessment of TIGR4 S. 

pneumoniae in RPMI media supplemented with copper ± DMDC demonstrated a significant 

growth defect observed with the combination of 50 µM Cu2+ + 16 µM DMDC (Figure 17C). 

TIGR4 S. pneumoniae in RPMI media supplemented with copper ± DMDC in a killing curve 

demonstrated a bactericidal combination of 250 µM Cu2+ + 16 µM DMDC at the t = 180-

minute and t = 240-minute timepoints (Figure 17D). It is interesting to note that the time 
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required for killing is longer in RPMI (3-4 hours) than in M17 (1-2 hours) (Figure 17B, 17D). 

These data demonstrate that DMDC is a copper-dependent bactericidal antimicrobial in various 

growth media ranging from host-niche-mimicking to nutrient-rich media.  

 

 
Figure 17 - Copper-dependent cytotoxicity of DMDC is enhanced in host-niche 

mimicking media in comparison to nutrient-rich media 

(A) Growth curve of WT TIGR4 S. pneumoniae in M17 media supplemented with indicated 
concentrations of copper and/or DMDC, demonstrating a significant growth defect for the 

combination of 500 µM Cu2+ + 32 µM DMDC. (B) Killing curve assay of WT TIGR4 starting 
with an inoculum of 1x107 CFU/mL in M17 media supplemented with indicated concentrations 
of copper and/or DMDC, demonstrating a significant decrease in CFU/mL to a level below our 

level of detection at t = 120 minutes for the 500 µM Cu2+ + 32 µM DMDC combination, 
indicating bactericidal activity. (C) Growth curve of WT TIGR4 in RPMI media supplemented 
with copper and/or DMDC, demonstrating a significant growth defect for the combination of 

50 µM Cu2+ + 16 µM DMDC. (D) Killing curve assay of WT TIGR4 starting with an inoculum 
of 5.8x106 CFU/mL in RPMI media supplemented with copper and/or DMDC, demonstrating a 

bactericidal combination of 250 µM Cu2+ + 16 µM DMDC at the t = 180 and t = 240 minute 
timepoints. All bars for growth curves represent mean ± standard deviation (SD) with n = 18 

across 3 independent replicates. Statistical difference measured by one-way ANOVA and 
'XQQHWW¶V�PXOWLSOH�FRPSDULVRQV�WHVW��QV� �QRW�VLJQLILFDQW��S���������S���������S����������
and ****p < 0.0001. All bars for killing curves represent mean ± standard deviation (SD) with 
Q� ���DFURVV���LQGHSHQGHQW�UHSOLFDWHV��6WDWLVWLFDO�GLIIHUHQFH�PHDVXUHG�E\�6WXGHQW¶V�t test; ns = 

not significant, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. 
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We sought to further understand how DMDC is interacting with the bacterium. We 

hypothesized that the copper-dependent toxicity of DMDC is an irreversible process leading to 

bacterial death.  To test this effect, TIGR4 S. pneumoniae were incubated for 30 minutes 

before pelleting the bacteria and resuspending in fresh media lacking supplementation. While 

the pneumococcus continues to show decreased CFU/mL at the 60-minute timepoint in the 

combinatory DMDC + copper conditions the bacterial counts remained static (Figure 18A) as 

opposed to seeing continued killing the 120-minute timepoint of Figure 17B. 

 As temperature is a contributing factor to active transport with lower temperatures 

inhibiting active transport (224, 225), we extended this principle to perform a killing curve in 

an ice-bath (4 °C) to prevent DMDC from entering the cell. Without active transport, we 

hypothesized that the combination of copper + DMDC would not be able to work as efficiently 

as a bactericidal antibiotic. At 4 °C, 500 PM Cu2+ + 32 µM DMDC no longer killed the 

pneumococcus as it did at 37 °C (Figure 17B, Figure 18B). There is a statistically significant 

difference in bacterial CFU counts between untreated and combination condition at t = 120 

minutes, but this significance is not present at t = 240 minutes. Overall, these data show that 

'0'&¶V�FRSSHU-dependent toxicity requires constant exposure to a bacterium and that this 

toxicity is temperature-dependent, indicating that this compound is likely actively transported 

into the bacterium.  

 

 
Figure 18 - '0'&¶V�EDFWHULFLGDO�DFWLYLW\�UHTXLUHV�FRQVWDQW�H[SRVXUH�DQG�LV�WHPSHUDWXUH�

dependent 

(A) Killing curve of WT TIGR4 S. pneumoniae in M17 media starting with an inoculum of 
3.0x106 CFU/mL in M17 media supplemented with indicated concentrations of copper and/or 

DMDC for 30 minutes before bacteria were pelleted and resuspended in fresh M17 media 



74 

 

without supplementation. The killing effect of 500 µM Cu2+ + 32 µM DMDC is sustained as 
the bacteria show evidence of static CFU count over the next two timepoints, while the other 

conditions show recovery of growth between the t = 60 minute and t = 120 minute timepoints. 
(B) Killing curve of WT TIGR4 S. pneumoniae in M17 media performed at 4 °C. Starting with 
an inoculum of 4.4x106 CFU/mL in M17 media supplemented with indicated concentrations of 
copper and/or DMDC, the killing effect of 500 µM Cu2+ + 32 µM DMDC is ablated as there is 

no statistical significant difference of CFU counts between the untreated and combined 
condition at t = 240 minutes. All bars for killing curves represent mean ± standard deviation 
�6'��ZLWK�Q� ���DFURVV���LQGHSHQGHQW�UHSOLFDWHV��6WDWLVWLFDO�GLIIHUHQFH�PHDVXUHG�E\�6WXGHQW¶V�t 

test; ns = not significant, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. 
 

7R�GHWHUPLQH�'0'&¶V�HIIHFW�RQ�FRSSHU�LQWR[LFDWLRQ�RQ�WKH�SQHXPRFRFFXV��ZH�

quantified the concentration of copper within the bacterium under a variety of different 

conditions, specifically following exposure to copper ± DMDC. Compared to the untreated 

control, we show that there is a statistically significant increase in copper content within the 

bacterium of 250 µM Cu2+ + 16 µM DMDC-treated bacteria and within the bacterium of 250 

µM Cu2+ + 32 µM DMDC-treated bacteria (Figure 19). Compared to the copper treated 

samples, the 250 µM Cu2+ + 16 µM DMDC-treated bacteria and the bacterium of 250 µM Cu2+ 

+ 32 µM DMDC have a 7- and 10-fold increase of intracellular copper, respectively. Given this 

finding, these data suggest that treatment with DMDC and copper leads to increased 

intracellular copper concentration and thus, an increase in copper stress experienced by the 

bacterium.  
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Figure 19 - DMDC + copper treatment leads to a significant increase in intracellular 

copper 

GFAAS analysis of bacterial pellets showing a marked statistically significant increase in 
copper content within the bacterium of 250 µM Cu2+ + 16 µM DMDC-treated bacteria and 

within the bacterium of 250 µM Cu2+ + 32 µM DMDC-treated bacteria in comparison to the 
untreated control. Experiments were performed in triplicate with statistical significance of 

differences determined through unequal variances t test; ns = not significant, *p < 0.05, **p < 
0.01, ***p < 0.001, and ****p < 0.0001. 

 

We previously reported that DMDC exacerbates mismetallation as a mechanism of 

DFWLRQ�YLD�WKH�DGGLWLRQ�RI�PDQJDQHVH�UHVFXLQJ�'0'&¶V�FRSSHU-dependent toxicity in vitro 

(217). To directly test if copper-dependent toxicity associated with DMDC can be rescued by 

manganese supplementation post-DMDC and copper addition, we performed a killing curve in 

which manganese was added at t = 30 minutes (Figure 20). While the addition of 500 µM 

Mn2+ at t = 30 minutes rescued the 250 µM Cu2+ + 16 µM DMDC condition, it did not rescue 

the 250 µM Cu2+ + 32 µM DMDC condition (Figure 20). Thus, the ability to rescue copper-

dependent toxicity mediated by mismetallation exists as expected but with limitations. 

Nevertheless, these data provide further evidence for DMDC exacerbating copper-dependent 

mismetallation toxicity within the bacterium.  
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Figure 20 - Manganese supplementation of DMDC + Cu2+-treated S. pneumoniae can 

rescue toxicity to a threshold amount 

Killing curve of WT TIGR4 S. pneumoniae in M17 media starting with an inoculum of 8.0x106 

CFU/mL in M17 media supplemented with indicated concentrations of copper and/or DMDC 
for 30 minutes, at which point all conditions were supplemented with 500 µM Mn2+. 

Manganese supplementation ablated the killing effect of 250 µM Cu2+ + 16 µM DMDC, but 
was not able to rescue the toxicity of 250 µM Cu2+ + 32 µM DMDC. Rescue is shown by a 

lack of statistically significant difference in CFU counts at t = 60 minutes and t = 120 minutes 
between Untreated and 250 µM Cu2+ + 16 µM DMDC conditions. All bars represent mean ± 

standard deviation (SD) with n = 9 across 3 independent replicates. Statistical difference 
PHDVXUHG�E\�6WXGHQW¶V�t test; ns = not significant, *p < 0.05, **p < 0.01, ***p < 0.001, and 

****p < 0.0001. 
 

Since the copper-dependent toxicity of DMDC is enhanced by incubation in a host-

niche-mimicking media (Figure 17C-D), and macrophage-mediated clearance is a key 

mechanism of innate immune clearance of pathogenic S. pneumoniae, we wanted to directly 

test if in vitro incubation with murine macrophages leads to enhanced macrophage bactericidal 

activity. First, we determined if DMDC is cytotoxic to macrophages. We exposed J774A.1 

macrophages to our highest used DMDC concentration and found it not to be toxic via Trypan 

blue cytotoxicity assay (Figure 21). From there, we wanted to test if DMDC works by priming 

macrophages for improved killing. We treated macrophages with 32 µM DMDC while 

activating the macrophages (treating with LPS and IFN-Ȗ) 6 hours before co-culturing with S. 
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pneumoniae. We show no statistical difference between the recovered CFU/mL of bacteria 

from co-culturing with the treated macrophages and the untreated control (Figure 22A).  

Next, we tested if DMDC can increase the efficiency of post hoc killing of antibiotic-

treated bacteria by macrophages. We hypothesized that macrophages would kill bacteria given 

a moderate dosage of copper + DMDC much faster than untreated, copper-alone, or DMDC-

alone controls. In RPMI, all bacteria were still viable at 30 minutes at our highest dosages of 

DMDC + copper (Figure 17D). Thus, we incubated the bacteria treated with 250 µM Cu2+ + 

32 µM DMDC for 30 minutes prior to co-culturing with macrophages for 5-, 10-, and 15-

minute incubations to test macrophage killing ability. The bacteria recovered at each timepoint 

for the DMDC + copper treatment was below the limit of detection (Figure 22B). As such, the 

recovered CFU counts show a statistically significant difference between the untreated and 

copper + DMDC-treated groups. Overall, these data indicate that DMDC aids in the 

macrophage killing rate post hoc of copper + DMDC-treated bacteria. 

 

 
Figure 21 - DMDC treatment is not cytotoxic to J774A.1 macrophages 

Using a Trypan blue cytotoxicity assay, incubation of J77A.1 macrophages with up to 32 µM 
DMDC (the maximum dosage in our assays), did not display a significant difference in cellular 

viability after a 2-hour incubation. All bars represent mean live cell percentage ± standard 
deviation (SD) with n = 3 across 3 independent replicates. Statistical difference measured by 
6WXGHQW¶V�t test; ns = not significant; *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. 
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Figure 22 - J774A.1 macrophages display enhanced post hoc killing of DMDC + Cu2+-

treated TIGR4 bacteria 

(A) Macrophage killing assay of WT TIGR4 bacteria co-cultured with activated J774A.1 
macrophages. Initial inoculum of bacteria given to macrophages was 6.4x108 CFU/mL for an 

MOI of 10. No statistically significant difference in killing rate or recovered CFU/mL 
observed between untreated and 32 µM DMDC-pre-treated macrophages. (B) Macrophage 
killing assay of WT TIGR4 bacteria co-cultured with activated J774A.1 macrophages given 

bacteria that were treated with indicated combinations of Cu2+ and DMDC. Initial inoculum of 
bacteria given to macrophages was 7.3x106 CFU/mL (following a 15-minute incubation with 
indicted conditions) for an MOI of 10. There is a statically significant decrease in recovered 
CFU/mL between the untreated bacteria and Cu2+ + DMDC-treated bacteria at t = 5 minutes. 

At this timepoint, all combination-treated bacteria were cleared by the macrophages, indicating 
a rapid post hoc bactericidal killing capacity. All bars represent mean ± standard deviation 

(SD) with n = 12 across 3 independent replLFDWHV��6WDWLVWLFDO�GLIIHUHQFH�PHDVXUHG�E\�6WXGHQW¶V�t 
test; ns = not significant; *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. 

 

To mediate killing of pathogens within the phagolysosome, macrophages utilize high 

concentrations of zinc, hydrogen peroxide, nitric oxide, and copper as well as having a low pH 

and proteases (59, 226, 227). To further understand why the pre-treatment of bacteria led to a 

rapid J774A.1 macrophage clearance of bacteria, we performed growth curve and killing curve 

assays in vitro to mimic the environment of the macrophage phagolysosome. We performed a 

growth curve with TIGR4 S. pneumoniae in M17 media supplemented with indicated 

combinations of zinc and DMDC and found that there is a growth defect for the 500 µM Zn2+ + 

32 µM DMDC condition (Figure 23A). We also performed a killing curve in M17 media with 

a titration of combinations of zinc ± DMDC, showing that the 500 µM Zn2+ + 32 µM DMDC 

condition is bacteriostatic - there is no significant difference in CFU/mL between the untreated 

control and the combination treatment (Figure 23B).  

To test the contribution of hydrogen peroxide in the macrophage killing seen in Figure 

4B, we performed a killing curve in which M17 media was supplemented with combinations of 
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copper, DMDC, and hydrogen peroxide (Figure 23C). Utilizing a lower amount of copper 

(250 µM compared to 500 µM used in previous figures), lower amount of DMDC (16 µM 

compared to 32 µM utilized in previous figures), and 5 mM hydrogen peroxide to which S. 

pneumoniae TIGR4 displays control level of growth, the combination of 5 mM H2O2 + 250 

µM Cu2+ + 16 µM DMDC displayed robust killing at t = 60 minutes that extended into t = 120 

minutes (Figure 23C).  

 To test the contribution of nitric oxide in the macrophage killing seen in Figure 22B, 

we performed a killing curve by supplementing M17 media with combinations of copper, 

DMDC, and a nitric oxide-donating compound, DPTA NONOate (228-230). Macrophages 

produce around 40 µM nitric oxide when activated by IFN-Ȗ and LPS (231). For this reason, 

we performed the killing curves with combinations of 40 µM DPTA NONOate in Figure 23D. 

The combination of 40 µM DPTA NONOate + 250 µM Cu2+ + 16 µM DMDC displayed 

statistically significant killing at t = 60 minutes and t = 120 minutes as compared to both 

control and DMDC + copper treated bacteria. Overall, these data show that high zinc 

concentration, hydrogen peroxide exposure, and nitric oxide exposure combine with copper-

dependent toxicity of DMDC to explain the rapid killing of bacteria when co-cultured with 

macrophages in vitro.  

The extracellular polysaccharide capsule of S. pneumoniae is a well-characterized 

mechanism against opsonization by innate immune phagocytes and against macrophage-

mediated killing. This role of the type 4 TIGR4 capsule has been confirmed by Rukke et al. 

(232). Hydrolysis of the capsule of Type 3 S. pneumoniae renders the bacteria more susceptible 

to phagocytosis by macrophages and complement-mediated killing by neutrophils (233). 

Following established protocols for blotting against the Type 4 capsule of the TIGR4 strain of 

S. pneumoniae (72), we show in Figure 23E that the combination treatment of DMDC + Cu2+ 

leads to a decrease in observed capsule in the pellet fraction of bacteria. There was no capsule 

observed in the supernatant (data not shown). These data provide evidence that the enhanced 

macrophage killing due to treatment with DMDC + Cu2+ seen in Figure 22B is due to a 

decrease in bacterial capsule that potentially allows for increased macrophage opsonization.  
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Figure 23 - Mechanisms utilized by the macrophage phagolysosome synergize with 

'0'&¶V�FRSSHU-dependent toxicity 

(A) Growth curve of WT TIGR4 S. pneumoniae in M17 media supplemented with indicated 
concentrations of zinc and/or DMDC, demonstrating a significant growth defect for the 

combination of 500 µM Zn2+ + 32 µM DMDC. (B) Killing curve assay of WT TIGR4 starting 
with an inoculum of 1x107 CFU/mL in M17 media supplemented a titration of combinations of 
zinc ± DMDC, showing that the 500 µM Zn2+ + 32 µM DMDC condition is bacteriostatic with 
no statistically significant difference in CFU/mL for the two compared conditions. (C) Killing 
curve assay of WT TIGR4 starting with an inoculum of 4.0x106 CFU/mL, S. pneumoniae was 
incubated in M17 media supplemented with combinations of copper, DMDC, and hydrogen 

peroxide. Utilizing a lower amount of copper (250 µM compared to 500 µM used in previous 
figures), lower amount of DMDC (16 µM compared to 32 µM utilized in previous figures), and 
a moderate amount of hydrogen peroxide (5 mM) to which S. pneumoniae TIGR4 are resistant, 
the combination of 5 mM H2O2 + 250 µM Cu2+ + 16 µM DMDC displayed robust killing at t = 
60 minutes that extended into t = 120 minutes. (D) Killing curve assay of WT TIGR4 starting 

with an inoculum of 6.0x106 CFU/mL, S. pneumoniae was incubated in M17 media 
supplemented with combinations of copper, DMDC, and DPTA NONOate, a nitric oxide-

donating compound. The combination of 40 µM DPTA NONOate + 250 µM Cu2+ + 16 µM 
DMDC displayed statistically significant killing at t = 60 and t = 120. (E) Capsule blot of WT 
TIGR4 treated with indicated conditions of copper and DMDC, showing a decrease in capsule 

for the combination-treated condition. All bars for killing curve represent mean ± standard 
deviation (SD) with n = 9 across 3 independent replicates. Statistical difference measured by 
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6WXGHQW¶V�t test; ns = not significant, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. 
Capsule blot is representative blot of 3 independent replicates.  

 

Here, we focused on the in vivo effect of DMDC on the macrophage and dendritic cell 

(DC) populations. Cohorts of 8-week-old female BALB/cJ mice were treated with four 

conditions: 1) no treatment, 2) DMDC only, 3) TIGR4 only, and 4) DMDC + TIGR4. Lung 

single-cell suspensions were stained and gated on the indicated FSC/SSC area to avoid the cell 

population enriched with infiltrating L6G+ neutrophils (Figure 24A). The cells were further 

gated on CD45 for leukocytes and then CD11b versus CD11c, which can group cells into 3 

subsets: 1) CD11b+CD11cí, 2) CD11b+CD11c+, and 3) CD11bíCD11c+ populations (Figure 

5A). Group 1 is enriched with monocytes and few neutrophils, Group 2 is enriched with 

interstitial macrophages, and Group 3 contains both alveolar macrophages and dendritic cells 

(234). We saw a significant increase in Group 2 CD11b+CD11c+ and Group 3 CD11bíCD11c+ 

populations in DMDC + TIGR4-treated lungs compared to the TIGR4-only treated group 

(Figure 24B). As seen in Group 2, DMDC treatment seemed to restore the interstitial 

macrophage population to wild-type levels as it was reduced in the TIGR4 alone condition. We 

further gated Group 3 into F4/80+ and F4/80í groups for alveolar macrophages and DCs 

respectively and found that, unlike Group 2 CD11b+CD11c+ cells, Group 3 CD11bíCD11c+ 

cells were mostly F4/80 negative and thus was enriched with dendritic cells (Figure 24C-D). 

Overall, these data show that DMDC treatment, either through interaction with the bacteria or 

the immune system, resulted in more immune cells to the lung environment, which 

corresponded with the reduction of bacterial burden in vivo. 
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Figure 24 - The effect of DMDC treatment on macrophage and DC populations in the 
lung of BALB/cJ mice infected with TIGR4 

Groups of 8-week-old mice were either untreated (none), given DMDC compound (DMDC 
only), infected with TIGR4 intranasally (TIGR4 only), or treated with DMDC 8 hours post-
TIGR4 infection (DMDC + TIGR4). (A) Representative percentage of Ly6G+ neutrophils in 
untreated mice and CD11b+CD11c±, CD11b+CD11c+, and CD11b±CD11c+ cells from CD45+ 

leukocytes of each group. (B) The quantitative percentage of leukocyte populations in (A) 
shown as a mean + SEM (n = 3 for untreated group, n = 10 for all other groups, three assays 

combined). (C) Representative histograms of percentage of F4/80± and F4/80+ cells from 
CD11b+CD11c+ and CD11b±CD11c+ populations in (A). (D) The quantitative percentage of 
F4/80± and F4/80+ cells in (C). Statistical difference measured by two-tailed, unpaired t-test 

with Welch's correction; ns = not significant, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 
0.0001. 

 

3.6 Discussion 

Clinically, it is difficult to untangle if an antibiotic works to increase macrophage clearance of 

pathogens by working with macrophages directly or on bacteria to allow for macrophage post 

hoc clearance. We tested this hypothesis by first finding that DMDC works on the 

pneumococcus in vitro independent of macrophages before using co-culture experiments to 

answer this question for DMDC directly. Here, we showed that DMDC treatment with copper 

sensitizes the pneumococcus killing by macrophages by increasing the internal copper 

concentration, increasing susceptibility to H2O2 and nitric oxide stress, and decreasing bacterial 

capsule size. We further demonstrated that in vivo administration of DMDC to mice upon 

pneumococcal infection increases the lung myeloid cell populations within the lung, 

corresponding with the reduction of bacterial burden. While changing the environment of the 

bacteria away from the DMDC + copper condition allows for the bacteria to eventually begin 

recovery, inadequate environmental nutrients quickly lead to a reduction in the capsule, as 

shown in Figure 4E. Due to the antiphagocytic nature of the bacterial capsule, we believe it 

reasonable to postulate that the increase in macrophage-mediated pneumococcal killing and 

number of macrophages and dendritic cells within the pneumococcal infected lung during 

DMDC treatment post-pneumococcal infection are due to the culmination of these DMDC-

mediated effects. 

While how DMDC facilitates the increased influx of intrabacterial copper remains a 

mystery, it is abundantly clear that DMDC leads to significant increases in internal copper. To 

this end, given the level of copper that we used in our assays, the amount of internal copper 
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with the combination treatment compared to copper alone with the pneumococcus and bacteria 

in other studies is unparalleled. This result represents scenarios where DMDC and other 

successfully tested and verified compounds are needed in addition to copper to illicit a -static 

or -cidal effect on invading pathogens. Increases in intracellular copper concentrations were 

not linear, suggesting either a threshold for DMDC-copper import or copper export kinetics 

prevents higher accumulation of copper. Further adding to the complexity is that there is no 

known import system for copper in the pneumococcus. Siderophores and zincophores can bind 

to copper, facilitating active import incidentally (235, 236). Therefore, although their 

structures vary greatly, one possibility is that DMDC mimics an ionophore that the 

pneumococcus readily uptakes, thus leading to FRSSHU¶V�LQFUHDVHG�LPSRUW��,I�FRSSHU-dependent 

toxicity therapeutics are to be developed, future studies will need to determine metal import 

and export kinetics respective of known organismal influx and efflux systems and those yet to 

be discovered. These rates could ultimately determine the effectiveness of DMDC and other 

similar compounds using copper-dependent toxicity against a given pathogen. 

While subject to future studies, we hypothesize based on this study that DMDC and 

copper treatment exposes a different mechanism of copper toxicity for some bacteria. The 

assays for our growth and killing curves, in the lung environment from surrounding copper 

bound proteins and in the phagolysosome, exists an oxidizing environment for copper. Thus, 

the pneumococcus in these environments must process copper in its Cu2+ form but, as defined 

by the literature and CopA homology, export copper in the Cu1+ form (237-240). This 

necessity to reduce copper would necessitate a constant supply of electrons under copper stress 

to facilitate export through the CopA exporter. A common source of electrons is from reducing 

sugars, proven in vitro DV�VKRZQ�LQ�WKH�%HQHGLFW¶V�WHVW�(241, 242). Here, copper is reduced 

when combined with sodium citrate, sodium carbonate, and a sugar that contains a ketone or 

aldehyde. S. pneumoniae upregulates sugar import systems under conditions of copper stress; 

one specific importer of interest to focus future studies is SP0478, encoded by the lacE gene 

(111). Further, bacteria contain invertases that can convert non-reducing sugars to a reducing 

sugar and water. While it might not be needed and thus not observed in complex media due to 

abundant resources, DMDC + copper-induced higher levels of internal copper and minimal 

environmental resources could conceivably elicit a need for electrons so great as to force the 
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bacteria to take up any available sugars including those contained within its extracellular 

polysaccharide capsule.  

 

3.7 Materials and Methods 

3.7.1 Bacterial Culture 

M17 media (M17) (BD Difco, USA) was prepared according to manufacturer's instructions. 

Briefly 37.25 g of powder was suspended in 950 mL of Milli-4�JUDGH�ZDWHU��������0��FP-1) 

and autoclaved at 121 ºC for 15 minutes before cooling to 50 ºC and adding 50 mL of a sterile 

10% lactose solution. Gibco Roswell Park Memorial Institute (RPMI) 1640 media containing 

L-glutamine and 4 g/L NaHCO3 was purchased from the University of Arizona BIO5 Institute 

Media Facility. Prior to growth in RPMI, cold RPMI was supplemented with 0.1 mg/mL 

FDWDODVH�����P0�JOXFRVH���[�WUDFH�PHWDOV��DQG��[�³VXSSOHPHQWV´�DV�GHVFULEHG�E\�6FKXO]�et al. 

and further delineated in Sanchez-Rosario and Johnson (222, 243). Tryptic Soy Agar (TSA) 

(Hardy Diagnostics, USA) was dissolved in Milli-Q water and autoclaved. After cooling 

DXWRFODYHG�76$�����GHILEULOODWHG�VKHHS¶V�EORRG��+HPR6WDW�/DERUDWRULHV��RI�ILQDO�YROXPH�DQG�

���ȝJ�P/�QHRP\FLQ�ZHUH�DGGHG�WR�WKH�VROXWLRQ��7KHVH�SODWHV��EORRG�DJDU�plates ± BAP), were 

XVHG�IRU�URXWLQH�FXOWXUH�RQ�VROLG�PHGLD�DQG�IRU�³NLOOLQJ�FXUYH´�VHULDO�GLOXWLRQ�&)8�FRXQWLQJ��

Bacteria from freshly-streaked plates were placed into M17 and grown at 37 oC in 5% CO2, to 

an optical density (OD or OD600) of 0.125 for growth curve assays and to an OD of ~0.300 for 

killing curve assays. To prepare working stocks of viable S. pneumoniae, growing cultures are 

resuspended in fresh media +20% v/v glycerol and stored at -80o C. Aliquot viability and CFU 

counts were determined as discussed below before use in experiments. Glycerol stock aliquots 

were diluted 1:5 into M17 or RPMI with indicated copper and compound concentrations for 

assays.  

3.7.2 Growth Curves 

Copper stock solutions at 100 mM were prepared from CuSO4 pentahydrate (VWR Life 

Sciences, USA) in Milli-Q water. Stock solutions of 100 mM Zn2+ were prepared from ZnSO4 

heptahydrate (VWR Life Sciences, USA). Stock solutions of 100 mM DMDC were prepared 

from Sodium Dimethyldithiocarbamate Dihydrate (Tokyo Chemical Industry, Japan) in Milli-

Q water. Sterile, individually-wrapped clear 96 well polystyrene plates (Greiner Bio-One, 

USA) were arranged to test a range of concentrations combinations of Cu2+, Zn2+, and DMDC. 
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Frozen aliquots of S. pneumoniae were thawed and diluted five-fold into fresh M17 before 

adding 20 µL per well into a total well volume of 200 µL (1:50 total dilution). Assay plates 

were loaded into a Biotek Cytation5 (Biotek, Vermont, USA) pre-equilibrated to 37 °C and 4% 

CO2. Gas control settings were modified for an elHYDWLRQ�RI�����P�DFFRUGLQJ�WR�PDQXIDFWXUHU¶V�

directions. The protocol-maintained temperature and CO2, while measuring OD absorbance at 

600 nm every 30 minutes for 16-20 hours. 

 

3.7.3 Killing Curves 

Aliquots of S. pneumoniae were thawed and diluted ten-fold into assay conditions prepared in 

M17 or RPMI, respectively. Assay conditions included various concentrations of CuSO4, 

DMDC, hydrogen peroxide (Sigma-Aldrich) and DPTA NONOate (Cayman Chemical 

Company, USA). After exposure to the indicated conditions, bacteria were incubated at 37 oC 

in 5% CO2 for the indicated time, samples were serially diluted, plated on BAP, incubated 

overnight at 37 oC in 5% CO2, and counted to determine viable CFU unless variations were 

specified in the specific figures. Colonies on each plate were counted and multiplied by 

appropriate dilution factor based on which dilution it was to determine CFU/mL. For plates in 

which no colonies were visualized at all, this was deemed to be below the limit of detection 

(LoD) and is noted with a data point below the LoD line.  

 

3.7.4 Graphite Furnace Atomic Absorption Spectroscopy 

Experiments were performed in triplicate. TIGR4 S. pneumoniae were initially cultured on 

M17 + 5 mM lactose and frozen at -80°C in 20% glycerol. These glycerol stocks were used as 

the seed stock to inoculate 40 mL of M17 + 5 mM lactose. The bacterial culture was incubated 

at 37°C under 5% CO2 until an OD of ~0.300 was reached. The culture was split into the 

indicated treatment and control. Incubation of treatments was performed at 37°C and 5% CO2 

for 30 minutes. Samples were quenched in -3°C water bath to slow down metabolism, followed 

by 2 washes of cold TBS (tris 50mM, NaCl 150mM, EDTA 50mM at pH 7.6), and 

centrifugation 7800 x g for 7 minutes at 4°C. Cold decanted samples were stored in -20°C 

overnight before resuspension in 5% HNO3. Bacterial plate counts were performed in TSA + 

���6KHHS¶V�%ORRG�WKURXJK�VHULDO�GLOXWLRQV� as described above. Samples were analyzed for 

copper content using a Thermo iCE 3400 atomic absorption spectrometer with a 324.8 nM 
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wavelength. Standards were made using TraceCERT® copper standard for AAS by Sigma-

Aldrich and copper content of the washed samples was calculated based on average absorbance 

of at least six independent measurements with four resampling each. Baseline measurements of 

media alone were conducted to ensure instrument accuracy, finding copper levels to be 

consistent with that of the untreated control. Statistical significance was determined through 

unequal variances t-test with p values as follows: *p < 0.05, **p < 0.01, ***p < 0.001, and 

****p < 0.0001. 

 

3.7.5 Capsule Blot 

Protocol used is adapted from Kietzman et al. with modifications (72). Briefly, bacteria from 

freshly-streaked BAP were grown in M17 media to OD ~0.400 prior to separating into 1 mL 

cultures and exposing to indicated conditions for 30 minutes. Equal CFU/mL were obtained for 

each condition. Following exposure, bacteria were pelleted by centrifuging at 3500 x g for 10 

minutes and resuspending the pellet in 1 mL of SMH buffer (0.5 M sucrose, 0.02 M MgCl2, 

and 0.02 M HEPES). Next, bacterial pellets were centrifuged at 14,000 x g, treated with 100 

µL of 10 mg/mL lysozyme (Gold Biotechnology, USA) and 20 µL of Proteinase K (Gold 

Biotechnology, USA) at room temperature for 10 minutes. Pellets were then exposed to 13 µL 

10X SDS buffer, boiled for 10 minutes at 95 ºC, and 20 µL of each sample loaded onto a 0.8% 

agarose gel. Samples were transferred onto mixed nitrocellulose ester membrane via 20X SSC 

capillary transfer overnight. Membranes were cross-linked at 150,000 mJ using a Stratagene 

UV Crosslinker, blocked for 1 hour in PBST with milk, probed with 1:1000 anti-capsular 

antiserum (SSI Diagnostica, serotype 4 cat 16747), washed with 1X PBST for 5 minutes 3 

times, probed with 1:30,000 secondary antibody (horseradish peroxidase-conjugated), washed 

again in 1X PBST for 5 minutes 3 times, and imaged on an imager following addition of ECL 

(Cytiva, USA) as specified by the manufacturer.   

 

3.7.6 Macrophage Killing Assays 

J774A.1 macrophages (ATCC, USA) were maintained in a 37°C, 5% CO2 incubator with 

'XOEHFFR¶V�0RGLILHG�(DJOH¶V�0HGLXP��'0(0��6LJPD-Aldrich, USA) containing fetal bovine 

serum (FBS [10%vol/vol]; Sigma-Aldrich, USA), glutamine (2 mM; Sigma-Aldrich, USA), 

penicillin (50 units/ml; Sigma-Aldrich, USA), streptomycin (50 mg/ml; Sigma-Aldrich, USA), 
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and NaHCO3 (0.015%). Cells were grown to 90% confluence in 12-well tissue culture plates 

(Greiner CELLSTAR®, Greiner Bio-One, USA) in 1 mL/well of growth medium. On the 

morning of the experiment, macrophages were washed twice with 1 mL PBS, and resuspended 

LQ���P/�RI�³6HUXP-)UHH�'0(0´�JURZWK�PHGLXP�ZLWKRXW�DQWLELRWLFV��JOXWDPLQH��1D+&23 or 

FBS but supplemented with 5 ng/mL IFN-Ȗ (Bio Basic, USA), 400 ng/mL LPS (EMD 

Millipore, MilliporeSigma, USA) fRU�³SULPLQJ�RI�PDFURSKDJHV´�H[SHULPHQW��)RU�³post hoc 

NLOOLQJ�HIILFLHQF\´�H[SHULPHQW��PDFURSKDJHV�ZHUH�UHVXVSHQGHG�LQ���P/�RI�6HUXP-Free DMEM 

containing 32 µM DMDC, 5 ng/mL IFN-Ȗ, and 400 ng/mL LPS. 

Macrophages were incubated at 37°C, 5% CO2 for 12 hours. Glycerol stocks of TIGR4 S. 

pneumoniae kept at OD 0.3 are removed from -80°C storage, diluted into four 15 mL conical 

WXEHV�RI���P/�WRWDO�0�����/DFWRVH�FRQWDLQLQJ�QR�DGGLWLYHV��³8QWUHDWHG´�������0�'0'&������

µM CuSO4, and 250 µM CuSO4 + 32 µM DMDC respectively for Pre-treatment of Bacteria 

experiment. Prior to incubation of bacteria in 37°C, 5% CO2, an inoculum plate is made by 

serial diluting 100 µL from the no additives conical. After 15 minutes of incubation, bacteria 

are centrifuged at 4500 x g for 10 minutes and resuspended in DMEM without antibiotics, 

glutamine, NaHCO3 or FBS. Macrophages are removed from incubation, media is removed, 

washed with 1 mL PBS twice and then infected with 100 µL of S. pneumoniae solutions for 

both experiment types, corresponding to a multiplicity of infection (MOI) of 10 bacteria per 

macrophage. The 12-well tissue culture plates were centrifuged at 200 x g for 2 minutes to 

facilitate co-culturing.  

  Wells were then washed twice with PBS at the given time-points; each wash was 

followed by a 5-min incubation in a 37°C, 5% CO2 incubator in DMEM containing gentamicin 

(50 µg/ml). Macrophages were lysed in 0.02% SDS in ddH2O and serially diluted to determine 

the counts of viable intracellular bacteria. Data were normalized to the level of killing observed 

for the untreated TIGR4 bacteria for each assay. 

 

3.7.7 Animal Experiments 

All mouse studies were conducted with prior approval and under the guideline of the 

Institutional Animal Care and Use Committee at the University of Arizona, IACUC protocol 

number 18-410, R35 GM128653. All mice were maintained in a biosafety level 2 (BSL2) 

facility and monitored daily for signs of moribund. Eight-week old female BALB/cJ mice 
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(Jackson Laboratory, USA) were anesthetized with 3% isoflurane and intranasally given either: 

1) 25 µL of Tris-Buffered Saline (TBS ± 50 mM Tris, 150 mM NaCl, pH 7.4), 2) 0.8 mg/kg 

DMDC in 25 µL TBS, 3) an inoculum of 1x107 CFU viable S. pneumoniae in 25 µL of TBS, or 

4) 1x107 CFU viable S. pneumoniae in 25 µL TBS and subsequent 0.8 mg/kg DMDC in 25 µL 

TBS. Control TBS and bacterial infections were carried out 8 hours prior to mice given 

DMDC. For Group 4, mice were intranasally infected before being treated with DMDC 

approximately 8 hours later. Mice were sacrificed by CO2 asphyxiation and immediately 

dissected for lung and blood collection 48 hours post infection and treatment. Lung tissue was 

FROOHFWHG�LQWR�����P/�WXEHV��FRQWDLQLQJ�����ȝ/�3KRVSKDWH�%XIIHUHG�6DOLQH��'3%6��*LEFR��

USA). Single-cell suspensions were prepared from lung tissue as described below  

 

3.7.8 Preparation of Single-cell Suspension from Lung 

Single-cell suspensions were prepared as previously described in Felix et al. (244, 245). 

Briefly, lungs were perfused with PBS and finely minced before being placed into digestion 

buffer containing 1 mg/mL Collagenase D (Millipore Sigma, Darmstadt, Germany) and 0.15 

mg/mL DNase I (Sigma-Aldrich, USA) in DMEM (HyClone, Sigma-Aldrich, USA) (246-249). 

Lungs were digested for 20-25 minutes at 37°C at 200 RPM then passed through 40 µm cell 

strainer to prepare single-cell suspension.  

 

3.7.9 Antibodies and Flow Cytometry 

For surface staining, fluorophore-conjugated mAbs specific for CD11b (clone M1/70), CD45 

(clone 30-F11), F4/80 (clone BM8), and Ly6G (clone 1A8) were obtained from BioLegend 

(USA) and fluorophore-conjugated mAb specific for CD11c (clone HL3) was obtained from 

BD Biosciences (USA). Cells were run on an LSRII (BD Biosciences, USA), and analyses 

were performed with FlowJo (TreeStar, BD Biosciences, USA) software.  

 

3.7.10 Statistical Analysis 

Statistical significance was analyzed using Student t test (two-tailed, unpaired), two-way 

ANOVA, or one-ZD\�$129$�DQG�'XQQHWW¶V�PXOWLSOH�FRPSDULVRQV�WHVW��3ULVP�������

GraphPad Software, USA). The p values were as follows: *p < 0.05, **p < 0.01, ***p < 0.001, 

and ****p < 0.0001. 
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3.9 Link to Next Chapter 

As mentioned in Section 2.9 of this dissertation, in parallel to trying to understand more about 

how DMDC works as an antimicrobial from a bacterial perspective and from a host immune 

system perspective, an additional goal was to derive DMDC into novel compounds that can 

work in a similar mechanism as DMDC but may potentially have differential pharmacological 

and toxicological principles in vivo. Through a collaboration with Wei Wang, PhD from the 

University of Arizona Drug Discovery program, we were able to obtain novel compounds 

similar in structure to DMDC through a collaborative grant with Tech Launch Arizona.  
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4 COMPOUNDS DERIVED FROM N,N-DIMETHYLDITHIOCARBAMATE ARE 

EFFECTIVE COPPER-DEPENDENT ANTIBIOTICS AGAINST 

STREPTOCOCCUS PNEUMONIAE3 

4.1 Abstract 

Recent studies by our group have identified N,N-dimethyldithiocarbamate (DMDC) as a potent 

copper-dependent antimicrobial against a number of pathogens from bacteria to fungi to 

parasites. Through our work, we showed DMDC to be broadly bactericidal against several 

strains of Streptococcus pneumoniae, including TIRG4 and D39. S. pneumoniae is a Gram-

positive encapsulated bacterium that is a causative agent of pneumonia, meningitis, otitis 

media, and sepsis. It causes a significant burden of disease in the pediatric and elderly 

populations. Despite the availability of several vaccines against several disease-causing strains 

of S. pneumoniae, the rise of antimicrobial resistance and pneumococcal disease caused by 

strains not covered by the vaccine create a need for the development of novel antimicrobial 

strategies against S. pneumoniae. We derived novel compounds starting from DMDC and 

tested their effectiveness as copper-dependent antimicrobials against S. pneumoniae TIGR4 

through in vitro growth curves and killing curves. For the compounds in our screen that caused 

a growth defect and were bactericidal, named TLA4 and TLA5, we further tested these 

compounds against other strains of S. pneumoniae and attempted to understand how these 

compounds interact with other transition metals. We found that TLA4 and TLA5 were 

effective against D39 and ATCC® 6303�. We found that both TLA4 and TLA5 were 

bacteriostatic in combination with zinc and that manganese supplementation can rescue the 

copper-dependent toxicity of TLA4 but not that of TLA5. We tested TLA4 and TLA5 in vivo 

against a murine pneumonia model, finding that TLA4 was effective in significantly 

decreasing the bacterial burden in the blood and lungs of S. pneumoniae-infected mice. 

Collectively, we demonstrate that the compounds TLA4 and TLA5 are potent bactericidal 

antibiotics against S. pneumoniae both in vitro and in vivo. 

 

 
3 This chapter reprinted from a manuscript authored by Sanjay V. Menghani, Chansorena Pok, Renshuai Liu, 
Klariza Ochoa, Miranda J. Neubert, Wei Wang, and Michael D. L. Johnson tiWOHG�³&RPSRXQGV�GHULYHG�IURP�N,N-
dimethyldithiocarbamate are effective copper-dependent antimicrobials against Streptococcus pneumoniae�´�7KLV�
manuscript will be submitted to a peer-reviewed journal in early- to mid-2022.   
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4.2 Keywords 

Streptococcus pneumoniae, DMDC, drug discovery, copper-dependent antimicrobials, copper 

 

4.3 Introduction 

Streptococcus pneumoniae (also known as the pneumococcus) is a Gram-positive bacterium 

that is a leading cause of pneumonia, otitis media, meningitis, and sepsis. As such, the 

pneumococcus causes a significant disease burden in the pediatric and elderly populations 

despite effective vaccines against most common strains (250). Normally a commensal of the 

nasopharynx and upper respiratory tract, the causes and gene regulation of pathogenic 

transformation is an ongoing topic of investigation (251). The United States Centers for 

Disease Control and Prevention (CDC) has identified drug-resistant S. pneumoniae as a serious 

WKUHDW�LQ�WKHLU������UHSRUW�³$QWLELRWLF�5HVLVWDQFH�7KUHDWV�LQ�WKH�8QLWHG�6WDWHV�´�ZLWK�

approximately 30% of clinical strains of S. pneumoniae displaying resistance to at least one 

antibiotic and many more harboring multidrug resistance (198).  

The global rise of antibiotic-resistant bacterial strains has created a renewed desire to 

develop novel antimicrobials. Traditionally, most antibiotics that are used clinically against 

Streptococcus pneumoniae have targeted a single bacterial protein or enzyme for bactericidal 

or bacteriostatic effect, like the bacterial cell wall for ȕ-lactams or bacterial RNA translation 

for aminoglycosides (143, 144). Unsurprisingly, the global selective pressure of using single-

target antibiotics allow bacteria to escape antibiotic coverage through acquiring a few 

mutations. Clinically relevant resistant strains are seen within years of introduction of novel 

antibiotics, as was observed for penicillin and methicillin-resistance in the bacteria 

Staphylococcus aureus in the mid-1940s (12, 13). Beyond the less than 25 bacterial proteins 

and enzymes inhibited by these traditional antibiotics, computational studies have identified 

300 essential and highly conserved antimicrobial targets that can aid drug discovery moving 

forward (252, 253). Developing a drug that can target multiple bacterial enzymes at once 

requires a bacterium to acquire multiple mutations to develop resistance to antibiotics (254). 

Another strategy utilized for the development of novel antimicrobials is drug repurposing, 

testing the in vitro antimicrobial activity of molecules or drugs that have United States Food 

and Drug Administration (FDA) approval for other indications (255). Recent identification of 
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antimicrobial properties of the drug disulfiram has combined these two principles (128, 219, 

220, 256).  

 The drug disulfiram (also known as tetraethylthiuram disulfide, TETD, or the brand 

name Antabuse) has been used for the treatment of alcohol dependence for decades, despite 

decrease in clinical use over time. In the body, disulfiram is rapidly converted to its metabolite 

diethyldithiocarbamate (DETDC), which is complexed with divalent metals zinc and copper 

(257). Recently, there has been a growing body of evidence for the antimicrobial properties of 

disulfiram¶V�PHWDEROLWHV��,Q�������D�JURXS�OHG�E\�*KRVK�et al. identified Zn2+-

diethyldithiocarbamate as a potent antiparasitic agent against Entamoeba histolytica and other 

parasites (258). In 2021, our group led by Menghani and Rivera et al. performed a targeted 

antimicrobial drug screen involving dithiocarbamate compounds (217). In that study, 

diethyldithiocarbamate (DEDC) and N,N-dimethyldithiocarbamate (DMDC) were investigated, 

with DMDC being identified as a potent copper-dependent antimicrobial against S. 

pneumoniae, Staphylococcus aureus, Coccidioides immitis, and Schistosoma mansoni (217). 

Other groups have also identified copper-dependent antibiotic potential for dithiocarbamates 

(259). 

 In this study, we derived dithiocarbamate compounds from the starting compound, 

DMDC, and tested the in vitro copper-dependent antimicrobial efficacy of these compounds 

(named TLA1-TLA6) against S. pneumoniae TIGR4, D39, and Type 3 strains. We show that 

the copper-dependent toxicity of the two successful compounds from our screen, TLA4 and 

TLA5, can be reversed by the addition of manganese. The zinc-dependent toxicity of these 

compounds was also tested against TIGR4. Finally, we tested the in vivo efficacy of these 

compounds in a murine pneumonia model to reduce the bacterial burden in the lungs. Overall, 

this study derives and identifies two novel compounds in the dithiocarbamate class that are 

broadly anti-pneumococcal in vitro and are effective in vivo.  

 

4.4 Results 

7KURXJK�D�FROODERUDWLRQ�ZLWK�:HL�:DQJ¶V�JURXS�RI�WKH�8QLYHUVLW\�RI�$UL]RQD�'UXJ�'LVFRYHU\�

program, we derived DMDC into a variety of compounds that retain putative copper ionophore 

properties. Figure 25A shows the six compounds in comparison to the starting N,N-

dimethyldithiocarbamate (DMDC). The six derived compounds were named TLA1 through 
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TLA6. Each compound was initially screened through performing growth curves to determine 

if there was a growth defect associated with either the compound alone or in combination with 

copper. Successful compounds were tested in killing curves to determine if there was a 

bactericidal or bacteriostatic effect of copper, compound, or combination-treatment. Figure 

25B, 25D, and 25F show statistically significant growth defects for the combination-treatments 

in comparison to an untreated control for TLA1, TLA4, and TLA5, respectively. Figure 25C, 

25E, and 25G show killing curves for copper, compound, and combination-treatment of S. 

pneumoniae TIGR4. There is a statistically significant bactericidal defect for TLA4 and TLA5, 

but the killing effect of TLA1 is borderline bactericidal to bacteriostatic. Table 5 summarizes 

the screening results for each of the compounds TLA1-TLA6. From these data, we concluded 

that TLA4 and TLA5 are viable copper-dependent bactericidal antibiotics that warrant further 

investigation. 
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Figure 25 - In vitro testing of copper-dependent antimicrobial activity of dithiocarbamate 

compounds derived from N,N-dimethyldithiocarbamate (DMDC) 

(A) Flowchart scheme and structures of all 6 TLA compounds that were derived from DMDC. 
(B) Growth curve assay of WT TIGR4 exposed to the indicated concentrations of copper 

sulfate and TLA1. (C) Killing curve assay of WT TIGR4 starting with an inoculum of 



96 

 

1.22x107 CFU/mL in M17 media supplemented with indicated concentrations of copper 
sulfate and/or TLA1. (D) Growth curve assay of WT TIGR4 exposed to the indicated 

concentrations of copper sulfate and TLA4. (E) Killing curve assay of WT TIGR4 starting with 
an inoculum of 5.6x106 CFU/mL in M17 media supplemented with indicated concentrations of 

copper sulfate and/or TLA4. (F) Growth curve assay of WT TIGR4 exposed to the indicated 
concentrations of copper sulfate and TLA5. (G) Killing curve assay of WT TIGR4 starting 

with an inoculum of 1.3x106 CFU/mL in M17 media supplemented with indicated 
concentrations of copper sulfate and/or TLA5. All bars indicate mean ± SD with n = 12-18 

across 3 independent replicates for growth curves and n = 9 across 3 independent replicates for 
NLOOLQJ�FXUYHV��6WDWLVWLFDO�GLIIHUHQFHV�ZHUH�PHDVXUHG�E\�6WXGHQW¶V�W�WHVW��QV� �QRW�VLJQLILFDQW��S�

< 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. 
 

 
Table 5 - Summary of screening results of each TLA compound derived from DMDC 

Structure of each compound, growth curve assay results, and killing curve assay results 
summarized for each TLA compound.  

 

To determine if TLA4 and TLA5 are antibiotics that can be widely used against S. 

pneumoniae, we performed killing curves with these compounds against the D39 strain and 

WT Type 3 strain (ATCC® 6303�). Figure 26 shows killing curves for copper, compound, 

and combination-treatment against these two strains of S. pneumoniae. Figure 26A-B shows 

killing curves against the D39 strain, with the combination of 500 µM Cu2+ + 32 µM TLA4 

displaying a bactericidal effect and the combination of 500 µM Cu2+ + 32 µM TLA5 also 

displaying a bactericidal effect. Figure 26C-D shows killing curves against the Type 3 strain, 
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with the combination of 500 µM Cu2+ + 64 µM TLA4 displaying a bactericidal effect and the 

combination of 500 µM Cu2+ + 128 µM TLA5 displaying a bacteriostatic effect. The copper-

dependent bacteriostatic effect of TLA5 against the Type 3 strain was not seen for lower 

concentrations of TLA5 (data not shown). From these data together with the data from Figure 

1, we concluded that TLA4 and TLA5 display broad copper-dependent antibacterial effect 

against several strains of S. pneumoniae.  

 

 
Figure 26 - TLA4 and TLA5 are broadly antibiotic against multiple species of S. 

pneumoniae 

(A) Killing curve assay of WT D39 strain starting with an inoculum of 5.9x107 CFU/mL in 
M17 media supplemented with indicated concentrations of copper sulfate and/or TLA4. (B)  
Killing curve assay of WT D39 strain starting with an inoculum of 1.7x107 CFU/mL in M17 

media supplemented with indicated concentrations of copper sulfate and/or TLA5. (C) Killing 
curve assay of WT 6303 strain starting with an inoculum of 2.3x107 CFU/mL in M17 media 

supplemented with indicated concentrations of copper sulfate and/or TLA4. (D) Killing curve 
assay of WT 6303 strain starting with an inoculum of 2.7x107 CFU/mL in M17 media 

supplemented with indicated concentrations of copper sulfate and/or TLA5. All bars indicate 
mean ± SD with n = 8-9 across 3 independent replicates. Statistical differences were measured 
E\�6WXGHQW¶V�t test; ns = not significant, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 

0.0001. 
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,Q�RXU�JURXS¶V�WDUJHWHG�VPDOO�PROHFXOH�VFUHHQ�WKDW�LGHQWLILHG�'0'&�DV�D�SRWHQW�FRSSHU-

dependent antibiotic, we investigated combinations of many divalent metals with DMDC to 

determine if other metals can display toxicity (217). To test the zinc-dependent toxicity, we 

performed killing curves using TIGR4 against combinations of zinc, TLA4 or TLA5, and 

combinations of TLA compound + zinc. In Figure 27A, we show that the combination of 500 

µM Zn2+ + 16 µM TLA4 is bacteriostatic. In Figure 27B, we show that the addition of 500 µM 

Mn2+ does not rescue the copper-dependent toxicity seen with 250 µM Cu2+ + 32 µM TLA4. In 

Figure 27C-D, we performed similar experiments to that of Figure 27A-B, but instead using 

TLA5. In Figure 27C, we show that 500 µM Zn2+ + 16 µM TLA5 is bacteriostatic. Strikingly, 

we show in Figure 27D that the addition of 500 µM Mn2+ does rescue the copper-dependent 

toxicity seen with 250 µM Cu2+ + 32 µM TLA5. From these data, we can conclude that TLA4 

and TLA5 are dithiocarbamate compounds whose copper-dependent toxicity may be mediated 

by facilitating mismetallation events within the bacterium.  

 

 
Figure 27 - TLA4 and TLA5 display zinc-GHSHQGHQW�WR[LFLW\�DQG�7/$�¶V�FRSSHU-

dependent toxicity can be rescued by Mn2+ supplementation 

(A) Killing curve assay of WT TIGR4 strain starting with an inoculum of 9.9x106 CFU/mL in 
M17 media supplemented with indicated concentrations of zinc sulfate and/or TLA4. (B) 

Killing curve assay of WT TIGR4 strain starting with an inoculum of 9.0x106 CFU/mL in M17 
media supplemented with 500 µM Mn2+ in addition to the indicated concentrations of copper 
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sulfate and/or TLA4. (C) Killing curve assay of WT TIGR4 strain starting with an inoculum of 
1.2x107 CFU/mL in M17 media supplemented with indicated concentrations of zinc sulfate 

and/or TLA5. (D) Killing curve assay of WT TIGR4 strain starting with an inoculum of 
1.1x107 CFU/mL in M17 media supplemented with 500 µM Mn2+ in addition to the indicated 

concentrations of copper sulfate and/or TLA5. Recovery of bacterial CFU/mL to that of 
untreated bacteria is seen at t = 120 minutes with no statistically significant difference seen 

between untreated and combination treatment. All bars indicate mean ± SD with n = 9 across 3 
independent replicates. Statistical differenFHV�ZHUH�PHDVXUHG�E\�6WXGHQW¶V�t test; ns = not 

significant, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. 
 

To directly test if the two compounds are promising antibiotics to progress along the 

drug discovery pipeline, we tested these compounds in a murine pneumonia model previously 

used by our lab (217). As previously, we tested if the bacterial burden of S. pneumoniae 

TIGR4 could be reduced 2 days post-infection of mice given the 100% lethal dose (LD100) 

intranasally. We observed a significant decrease in bacterial titers in the blood and lungs 48 

hours post-infection in 8-week-old BALB/c mice given 25 µL of 10 mM TLA4 (approximately 

1.6 mg/kg) but no significant decrease was noted for mice given the same dosage of TLA5. In 

Figure 28A, we show that bacterial blood titers are significantly lower in mice given the 

dosage of TLA4 4 hours post-infection. In Figure 28B, we show that bacterial lung titers are 

significantly lower in mice given the dosage of TLA4 8 hours post-infection. In Figure 28C-D, 

we show that there is no significant decrease in the blood and lung titers of mice given the 

dosage of TLA5 approximately 8 hours post-infection. Overall, these data show that TLA4 is a 

promising antibiotic against S. pneumoniae TIGR4 with efficacy in vivo.  
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Figure 28 - TLA4 is an effective antibiotic in vivo against a murine Streptococcus 

pneumoniae infection model while TLA5 is not an effective antibiotic in vivo 

Groups of 8-week-old female BALB/c mice (n = 5-7) were infected with bacteria at t = 0 and 
treated with TLA4 or TLA5 at 4, 8, or 24 hours post-infection. At 48 hours post-infection, 

animals were sacrificed and blood (A, C) or lung titers (B, D) were measured. A and B show 
TLA4 treatment reduces bacterial titers in the blood and lungs, respectively. C and D show 
TLA5 treatment does not reduce bacterial titers in the blood and lungs, respectively. Mann-

Whitney Wilcoxin rank sum tests were used to measure statistical significance at a P value of 
<0.05 (*) with no statistical difference noted (ns). The bar within the data set represents the 

median. 
 

4.5 Discussion 

In this study, we sought to test the antimicrobial efficacy of compounds derived from N,N-

dimethyldithiocarbamate (DMDC). We tested these compounds through methods previously 

utilized by our group in the study that identified DMDC as a potent copper-dependent 
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antibiotic against Streptococcus pneumoniae, Staphylococcus aureus, Coccidioides immitis, 

and Schistosoma mansoni (217). An initial screen by using in vitro growth curves against 

concentration combinations of copper and TLA compounds was performed, with successful 

compounds that caused a growth defect tested through killing curves to establish bactericidal 

vs. bacteriostatic effect (Figure 25 and Table 5). Following the successful identification of 

TLA4 and TLA5 as promising copper-dependent antibiotics against S. pneumoniae TIGR4, we 

tested these two compounds against the D39 strain (which has a Type 2 capsule) and against 

the WT Type 3 strain (ATCC® 6303�) (Figure 26). TLA4 and TLA5 displayed copper-

dependent toxicity as an antibiotic against multiple strains of S. pneumoniae. To further 

investigate the mechanism by which the two compounds work, we tested if TLA4 and TLA5 

display zinc-dependent toxicity and tested if manganese was able to rescue the copper-

dependent toxicity displayed previously. We showed in Figure 27 that both TLA4 and TLA5 

were bacteriostatic when combined with zinc, but manganese was only able to rescue copper-

dependent toxicity seen in TLA5.  

 It has been shown in previous studies utilizing murine models of infection that the 

concentration of copper increases within the blood and lungs up to four-fold (207). 

Contributing to the increase in copper concentration within the lungs and blood is likely the 

upregulation of the acute-phase reactant ceruloplasmin, which is a copper-containing protein 

(177). With this increase in copper within the blood, it follows that the in vivo administration 

of TLA4 and TLA5 may be able to mimic the in vitro copper-dependent antimicrobial effect. 

This principle was used by our group to test the in vivo efficacy of DMDC in reducing the 

bacterial burden in a murine model of S. pneumoniae infection. In Figure 28, we observed a 

significant decrease in bacterial titers in the blood and lungs 48 hours post-infection of mice 

given TLA4 but this decrease was not observed for TLA5. As such, we concluded that TLA4 is 

a more promising compound to progress along the drug discovery pipeline and warrants further 

study. Further investigation into the mechanism of action of TLA4 are areas of active 

investigation, with planned analysis RNA-sequencing of samples of S. pneumoniae treated 

with combinations of TLA4, copper, and both TLA4 and copper.  

 Investigation of the use of compounds in the dithiocarbamate class has grown over the 

last few years. The anionic CS2 group characteristic of dithiocarbamates facilitates complex 

formation with transition metal cations and enzyme inhibitory activity (260). Recent 
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advancements have shown activity of dithiocarbamate derivatives as potent anticancer, 

antifungal, anti-neurodegenerative, and anti-inflammatory drugs (218). Potent anti-cancer 

dithiocarbamates have been identified with a variety of mechanisms of action, including DNA 

intercalation, inhibition of DNA topoisomerase I and II, and inhibition of other important 

kinases (261). Several studies have found diethyldithiocarbamate (DEDC) to be a potent anti-

fungal, antibiotic, and anti-parasitic agent (258, 262, 263). One potential mechanism of action 

by which dithiocarbamate compounds can execute antibiotic activity is through transport of 

divalent metal ions into bacterial cells. In a study by Lanke et al., the authors show that a 

dithiocarbamate compound (pyrrolidine dithiocarbamate) causes an influx of Zn2+ ions into 

HeLa cells as a mechanism of action for its Zinc-dependent antiviral activity against 

picornavirus (264). We hypothesize that DMDC, TLA4, and TLA5 exhibit similar function in 

aiding transport of divalent copper and zinc ions into the bacterial cell. As an influx in intra-

bacterial copper ions builds up due to dithiocarbamates shuttling them into the bacterium, 

mismetallation can cause bacterial enzymes to function at lower rates and lead to bacterial 

death. Investigation and evaluation of this hypothesis warrants further study.  

 Overall, we present data from a small-molecule screen of compounds derived from 

DMDC showing that TLA4 and TLA5 are potent copper-dependent antibiotics against several 

strains of S. pneumoniae. We show that both compounds exhibit zinc-dependent toxicity and 

one of the compounds, TLA4, exhibits potent in vivo efficacy as an antibiotic for aiding murine 

S. pneumoniae clearance. Further investigation into TLA4 and TLA5, among other 

dithiocarbamates, warrants further study for the development of novel antimicrobials in the 

fight against antimicrobial-resistant pathogens.  

 

4.6 Materials and Methods 

4.6.1 Bacterial Culture 

M17 media (M17) (BD Difco, USA) was prepared according to manufacturer's instructions. 

Briefly 37.25 g of powder was suspended in 950 mL of Milli-4�JUDGH�ZDWHU��������0��FP-1) 

and autoclaved at 121 ºC for 15 minutes before cooling to 50 ºC and adding 50 mL of a sterile 

10% lactose solution. Tryptic Soy Agar (TSA) (Hardy Diagnostics, USA) was dissolved in 

Milli-4�ZDWHU�DQG�DXWRFODYHG��$IWHU�FRROLQJ�DXWRFODYHG�76$�����GHILEULOODWHG�VKHHS¶V�EORRG�

(HemoStat Laboratories) of final volume DQG����ȝJ�P/�QHRP\FLQ�ZHUH�DGGHG�WR�WKH�VROXWLRQ��
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These plates (blood agar plates ± BAP), were used for routine culture on solid media and for 

³NLOOLQJ�FXUYH´�VHULDO�GLOXWLRQ�&)8�FRXQWLQJ��%DFWHULD�IURP�IUHVKO\-streaked plates were placed 

into M17 and grown at 37 oC in 5% CO2, to an optical density (OD or OD600) of 0.125 for 

growth curve assays and to an OD of ~0.300 for killing curve assays. To prepare working 

stocks of viable S. pneumoniae, growing cultures are resuspended in fresh media +20% v/v 

glycerol and stored at -80o C. Aliquot viability and CFU counts were determined as discussed 

below before use in experiments. Glycerol stock aliquots were diluted 1:5 into M17 with 

indicated copper and compound concentrations for assays.  

 

4.6.2 Growth Curves 

Growth curve assay as described in Menghani and Rivera et al. (217). Briefly, copper stock 

solutions at 100 mM were prepared from CuSO4 pentahydrate (VWR Life Sciences, USA) in 

Milli-Q water. Stock solutions of 100 mM Zn2+ were prepared from ZnSO4 heptahydrate 

(VWR Life Sciences, USA). Stock solutions of 1 mM TLA compounds were prepared in Milli-

Q water from solute derived and purified by the University of Arizona Center for Drug 

Discovery (ACDD). Sterile, individually-wrapped clear 96 well polystyrene plates (Greiner 

Bio-One, USA) were arranged to test a range of concentrations combinations of Cu2+, Zn2+, 

and TLA compounds. Frozen aliquots of S. pneumoniae were thawed and diluted five-fold into 

fresh M17 before adding 20 µL per well into a total well volume of 200 µL (1:50 total 

dilution). Assay plates were loaded into a Biotek Cytation5 (Biotek, Vermont, USA) pre-

equilibrated to 37 °C and 4% CO2. Gas control settings were modified for an elevation of 720 

P�DFFRUGLQJ�WR�PDQXIDFWXUHU¶V�GLUHFWLRQV��7KH�SURWRcol-maintained temperature and CO2, 

while measuring OD absorbance at 600 nm every 30 minutes for 16-20 hours. 

 

4.6.3 Killing Curves 

Aliquots of S. pneumoniae were thawed and diluted ten-fold into assay conditions prepared in 

M17 media. Assay conditions included various concentrations of CuSO4, TLA compounds, 

Zn2+, and Mn2+. After exposure to the indicated conditions, bacteria were incubated at 37 oC in 

5% CO2 for the indicated time, samples were serially diluted, plated on BAP, incubated 

overnight at 37 oC in 5% CO2, and counted to determine viable CFU. Colonies on each plate 

were counted and multiplied by appropriate dilution factor based on which dilution it was to 
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determine CFU/mL. For plates in which no colonies were visualized at all, this was deemed to 

be below the limit of detection (LoD) and is noted with a data point below the LoD line.  

 

4.6.4 Animal Experiments 

All mouse studies were conducted with prior approval and under the guidelines of the IACUC 

at the University of Arizona (IACUC protocol number 18±410, R35 GM128653). All mice 

were maintained in a biosafety level 2 (BSL2) facility and monitored daily for signs of 

moribund. Eight-week-old female BALB/cJ mice (Jackson Laboratory) were anesthetized with 

3% isoflurane and intranasally infected with an inoculum of 107 CFU viable S. pneumoniae in 

25 µL of Tris-buffered saline (TBS; 50 mM Tris, 150 mM NaCl, pH 7.4). Cohort controls were 

given 25 µL of TBS. At 4, 8, or 24 hours post-infection, mice were treated with doses of 

intranasal TLA4 or TLA5 (approximately 1.6 mg/kg) in 25 µL of TBS. Mice were sacrificed 

by CO2 asphyxiation and immediately dissected for lung and blood collection 48 hours post-

infection. Lung tissue was collected into 1.5 mL tubes containing 500 mL of phosphate-

buffered saline (PBS; Gibco) after a brief initial wash in 500 µL of PBS to remove any excess 

blood during dissection. The tissue was then homogenized and centrifuged for 30 s at 400 x g. 

Blood samples (5 PL volume) were placed in a 45-µL volume PBS solution with heparin (10 

UI/ml). Both lung and blood samples were then serially diluted 1:10 and plated on Blood Agar 

Plates and incubated overnight at 37°C and 5% CO2 for growth. Resulting bacterial colonies 

were counted for quantification and comparison. 

 

4.6.5 Statistical Analysis 

Statistical significance was analyzed using Student t test (two-tailed, unpaired), two-way 

ANOVA, or one-ZD\�$129$�DQG�'XQQHWW¶V�PXOWLSOH�FRPSDULVRQV�WHVW��3ULVP�������

GraphPad Software, USA). The p values were as follows: *p < 0.05, **p < 0.01, ***p < 0.001, 

and ****p < 0.0001. 
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5 CONCLUSIONS AND FUTURE DIRECTIONS 

5.1 Summary and Conclusions 

As the prevalence of antimicrobial resistance and multi-drug resistant strains rises, creating a 

strain on the broader healthcare system, the impetus to develop novel antimicrobials remains 

high. Despite the relative lack of innovation in the pharmaceutical sector in developing novel 

antimicrobials, preclinical drug targets and novel strategies have been developed over the last 

several decades. 2QH�VXFK�VWUDWHJ\�LV�WR�KDUQHVV�WKH�ERG\¶V�LQQDWH�LPPXQH system and copper-

stores within professional phagocytes by developing copper ionophores that can direct copper 

to phagocytes for increased copper concentrations and killing in the phagolysosome. 

Alternatively, these copper ionophores can direct copper directly to pathogens and cause intra-

pathogenic toxicity. One such compound that works in this manner that inspired the pursuit of 

this dissertation was the development of 8-hydroxyquinoline (8HQ) by Festa et al. at Duke 

University (125). Festa et al. showed that 8HQ and a related compound QBP were able to 

LQFUHDVH�D�PDFURSKDJH¶V�DELOLW\�WR�NLOO�Cryptococcus neoformans fungus. They provided 

evidence for a proposed mechanism of action for 8HQ in which the compound directs copper 

into fungal cells, allowing copper toxicity to cause irreversible cellular damage. Additionally, 

they showed in vivo efficacy for the compound in a murine infection model and in vitro 

efficacy for the compound against several other pathogens, including S. aureus and 

Escherichia coli. With this work as inspiration, our group sought to find a compound that 

worked in a similar way against S. pneumoniae.   

Thorough in vitro screening of copper ionophores for copper-dependent toxicity and 

antimicrobial activity against S. pneumoniae revealed that N,N-dimethyldithiocarbamate 

(DMDC) is a potent antimicrobial against TIGR4, D39, and ATCC® 6303� strains of S. 

pneumoniae. As described in Chapters 2 and 3, the compound is effective in directing copper 

into the bacterial cell and the compound can work to increase macrophage killing efficiency, 

similar to 8HQ. We showed in Chapter 2 that DMDC is an effective in vitro copper-dependent 

antibiotic not only against S. pneumoniae, but also S. aureus, Coccidioides immitis, and 

Schistosoma mansoni. Also in Chapter 2, we showed that DMDC is an effective in vivo 

antibiotic in reducing murine bacterial burden in a pneumonia infection model. Despite these 

ILQGLQJV��LPSRUWDQW�GHWDLOV�UHPDLQHG�DERXW�'0'&¶V�PHFKDQLVP�DQG�LQWHUDFWLRQ�ZLWK�WKH�LQQDWH�

immune system.  
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In Chapter 3, we investigated the mechanism of DMDC as a copper-dependent 

antibiotic at the host-pathogen interface. We showed that DMDC is an effective copper-

dependent antibiotic in a host-niche mimicking media as well as standard laboratory nutrient-

rich media. We demonstrated that exposure to DMDC causes an increase in intracellular 

copper concentration within a bacterium, providing evidence for exacerbation of 

mismetallation as a mechanism of action for DMDC given manganese supplementation can 

rescue '0'&¶V�FRSSHU-GHSHQGHQW�WR[LFLW\��:H�GHOYHG�LQWR�'0'&¶V�SRWHQWLDO�WR�DLG�

macrophage-mediated killing and clearance mechanisms utilized by these phagocytes, finding 

that increased zinc levels, hydrogen peroxide exposure, and nitric oxide exposure are potential 

mechanisms by which DMDC can aid macrophage-mediated killing. We also found that 

DMDC treatment increases the innate immune cell quantity in the lung of infected mice. From 

the work in this chapter, we provided insights into DMDC as a copper-dependent antibiotic 

that can work to aid innate immune clearance of S. pneumoniae. A graphical summary of this 

chapter to summarize the results is below in Figure 29.  

 In Chapter 4, we extended the in vitro drug screening methods utilized in Chapter 2 to 

novel compounds derived from DMDC. Following the derivation of these compounds, named 

TLA1 through TLA6, we tested these compounds for in vitro copper-dependent antimicrobial 

efficacy against S. pneumoniae TIGR4 before testing successful bactericidal compounds 

against other strains of S. pneumoniae. We showed that TLA4 and TLA5 were bacteriostatic 

ZLWK�]LQF�VXSSOHPHQWDWLRQ�DQG�7/$�¶V�FRSSHU-dependent toxicity can be rescued with 

manganese supplementation, similar to mismetallation being a potential mechanism of action 

for DMDC. Finally, we showed that TLA4 was effective in vivo in significantly decreasing the 

bacterial burden in the blood and lungs of S. pneumoniae-infected mice.  

Overall, our findings describe the development of three novel antimicrobial molecule: 

DMDC and two molecules that are derived from it, TLA4 and TLA5. These compounds are 

effective both in vitro and in vivo (excluding TLA5). With these findings in mind, there are 

still potential avenues of future discovery to learn more about these compounds and how they 

work, both within a bacterium and at the host-pathogen interface.  
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Figure 29 ± Summary of Proposed Mechanism for DMDC 

 

5.2 Future Directions 

In addition to the experiments detailed in this dissertation, there are several intriguing 

experiments that have been conducted over the course of the duration of the pursuit of this 

Doctor of Philosophy. These experiments provide preliminary data for future investigation and 

will shape the impact of the work detailed in this dissertation. In this section, I will describe 

several of these experiments and provide insights on how these experiments can shape future 

investigation.  

 

5.2.1 Intra-bacterial Mechanistic Understanding of DMDC and TLA4 

To further investigate the intra-bacterial mechanism of action of DMDC and TLA4, our lab has 

enlisted the help of the University of Arizona Genetics Core (UAGC), the Analytical & 

Biological Mass Spectrometry Facility, and the laboratory of Malak Tfaily, PhD of the 

Department of Department of Environmental Sciences at the University of Arizona. Through 

collaboration with these groups, we have submitted samples for RNA sequencing analysis of S. 

pneumoniae TIGR4 that have been treated with combinations of Cu2+, DMDC, and TLA4. 
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Additionally, we have submitted samples for metabolomics analysis of S. pneumoniae TIGR4 

that have been treated with combinations of Cu2+, DMDC, and TLA4.   

 Broadly, we hypothesize that the stress induced by Cu2+ + DMDC (and Cu2+ + TLA4) is 

akin to the stress induced by Cu2+ alone, but to a higher degree. Similar pathways that are 

upregulated or downregulated under copper stress will be altered to a higher magnitude than 

with copper alone. Our lab has data from an RNA microarray determining the differences 

between untreated S. pneumoniae TIGR4 and bacteria treated with 100 µM Cu2+. In this 

microarray, summarized in Figure 30, copper stress is characterized by an upregulation in 

sugar import genes, copper efflux, and zinc efflux as well as a simultaneous downregulation of 

iron import genes, neuraminidase, and glucosidase. If the copper-dependent toxicity of DMDC 

and TLA4 is inducing an exacerbated copper stress, these pathways will be upregulated and 

downregulated in a similar fashion. Metabolomics data in conjunction with the RNA 

sequencing results will paint a picture for what cellular process are disrupted. To test these 

SRWHQWLDO�SDWKZD\V�DV�EHLQJ�UHVSRQVLEOH�IRU�'0'&�DQG�7/$�¶V�FRSSHU-dependent toxicity, we 

can induce mutations of wild-type TIGR4 S. pneumoniae using homologous recombination and 

antibiotic selection. Collectively, the data from these experiments will help us understand 

deeper how these compounds work and make it feasible to progress these compounds along the 

drug discovery pipeline.  

 

 
Figure 30 ± Summary of microarray data showing genes and pathways upregulated and 

downregulated under copper stress 
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5.2.2 Mutant Evolution Analysis 

One major question that follows the development of a novel antibiotic is the following: how 

long can we count on this antibiotic to work before it becomes obsolete due to antimicrobial 

resistance? As mentioned in Section 2.1 and elsewhere in this dissertation, compounds that can 

utilize copper toxicity for their mechanism of action will require a bacterium to acquire 

multiple mutations over time to develop resistance, a key benefit over standard antibiotics on 

the market. For DMDC, can a bacterium acquire resistance to it and what mutations will be 

required for a bacterium to acquire resistance? To answer this question, our group designed an 

experiment (which is detailed in Figure 31) to generate bacteria that are resistant to Cu2+ + 

DMDC. Briefly, a killing curve was performed (as described in Chapters 2-4) with 500 µM 

Cu2+ + 16 µM DMDC (which is lower than the complete killing seen with 500 µM Cu2+ + 32 

µM DMDC). All surviving bacteria were grown up again as a passage and once at OD 0.1 in 

new media, a subsequent killing curve was performed. After 10 passages, the DNA from the 

initial untreated Passage 0 bacteria and from the Passage 10 combination treated bacteria were 

isolated. A time-course graph of CFU/mL over each passage is shown in Figure 32, with the 

increased CFU/mL over time for the combination treatment reflecting resistance being 

acquired. These genomic DNA samples were sent for full length sequencing and when the 

UHVXOWV�ZHUH�UHWXUQHG�WR�XV��DQDO\VLV�FRPSDULQJ�WKH�WZR�VWUDLQV¶�JHQRPHV�FRXOd be carried out, 

finding specific mutations using the breseq program (265).  

 

 
Figure 31 ± Experimental design for mutant evolution analysis experiment 
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Figure 32 ± CFU/mL over each passage for generation of antimicrobial resistance to 

DMDC + Cu2+  

  

Following the completion of this analysis and utilization of the breseq computational 

pipeline program for the analysis of the genomic sequences, several mutations were observed 

between the original Passage 0 bacteria and the Passage 10 combination-treated bacteria. The 

mutations observed are shown in Figure 33. Out of the six total mutations found between the 

two genomic DNA sequences, two of the mutated genes that were of particular interest: 

SP_1972 and SP_2113. The exact functions of these proteins are not known, however it is 

known that SP_1972 is a membrane-bound protein and SP_2113 is a conserved hypothetical 

protein. The mutation in SP_1972 generated a R->C mutation, which is a significant amino 

acid change. This change is relatively far back into the primary sequence of the protein, so it 

may not affect the protein function, but it is still worth investigating. The mutation in SP_2113 

is of particular interest because it generates a premature stop codon early in the primary 

sequence of the protein. To fully understand the extent of these mutations, we can induce 

mutations of wild-type TIGR4 S. pneumoniae using homologous recombination and antibiotic 

selection. Thorough investigation of these mutant strains using growth curves (described in 

Chapters 2-4) in media supplemented with copper, DMDC, and combinations of the two would 

show if the acquired resistance influences bacterial growth. Investigation using killing curves 
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would tell if the bactericidal nature of the antibiotic can be reversed by the mutation(s). This 

data, in combination with the RNA sequencing and metabolomics data will provide strong 

evidence into the mechanism of action of DMDC as well as how to combat antimicrobial 

resistance to the copper-dependent antimicrobial effect of DMDC.  

 

 
Figure 33 ± Results of Mutant Evolution Analysis 

 

5.2.3 Investigating the Interactions of TLA4 and TLA5 with the Innate Immune System 

Similar to the investigation of DMDC and its interactions with the innate immune system 

carried out in Chapter 3, in vitro analysis of TL$��DQG�7/$�¶V�LQWHUDFWLRQV�ZLWK�WKH�LQQDWH�

immune system would help in understanding the mechanism by which the copper-dependent 

antimicrobial effect of these compounds. To answer if TLA4 can increase macrophage post 

hoc killing efficiency like TLA4, I carried out a macrophage killing assay with four groups of 

bacteria: untreated, 250 µM Cu2+-treated, 32 µM TLA4-treated, and combination treated. The 

results of this experiment are shown in Figure 34 below. As expected, the macrophage was 

able to clear the combination treated bacteria more efficiently than untreated bacteria, 

however, the level of clearance was not as striking as that seen for DMDC (Figure 22). Further 

investigation into the influence of Zn2+, hydrogen peroxide, and nitric oxide into the killing 

effect seen in this experiment is warranted moving forward.  
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Figure 34 ± Macrophage post hoc killing assay of TLA4-treated bacteria 

  

Similar analysis for TLA5 is warranted to understand how that compound interacts with 

the innate immune system should be pursued. Additionally, investigation into the effect of 

zinc, hydrogen peroxide, and nitric oxide into any killing effect seen would be warranted.  

Murine in vivo myeloid cell population quantification in the S. pneumoniae-infected 

lungs following TLA4 and TLA5 administration would allow us to create similar analyses to 

that of Figure 24.  
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Figure 35 - Demonstration of N,N-Dimethyldithiocarbamate as a Copper-Dependent 

Antibiotic against Multiple Upper Respiratory Tract Pathogens 
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Figure 36 - &&���%LQGLQJ�WR�Į�ȕ��,QWHJULQ�3URWHFWV�Mycoplasma pneumoniae Infection 
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Figure 37 - A quantitative enzyme-linked immunoassay (ELISA) to approximate 

complement-fixing antibody titers in serum from patients with coccidioidomycosis 
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Figure 38 - Rules of Expansion: an Updated Consensus Operator Site for the CopR-CopY 

Family of Bacterial Copper Exporter System Repressors 
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Figure 39 - Gastric Cardia Adenocarcinoma with Metastasis to the Scalp: A Case Report 
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