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Abstracts 

 In the first chapter heterologous biosynthesis is introduced as a means to 

produce novel compounds with therapeutic value. Flux balance analysis is introduced 

as a way to computationally predict the effect of metabolic engineering on production of 

compounds of interest. Chelators are discussed in detail due to their importance for the 

treatment of metal overload. Sideromycins which are siderophores with antibiotic 

moieties are discussed as new generation antibiotics with great potential against MDR 

strains. Chelating compounds and siderophore research is important for expanding our 

field in regards to finding new drugs to treat metal overload and fight MDR bacteria. This 

dissertation targets the siderophore Yersiniabactin in an effort to increase production 

and to better understand it’s metal binding properties. 

In the second chapter the production Yersiniabactin and an anthranilate analog 

are greatly increased using a Plackett Burman design of experiments to enhance the 

cell production media. Different carbon and amino acid sources were examined as a 

function of cell growth and compound production.  

In the third chapter flux balance analysis was used to determine gene deletions, 

over-expressions and other medium components that could increase the production of 

Yersiniabactin along with other natural products. Medium components were also 

screened using the same Plackett and Burman design of experiments methodology 

which was implemented in Matlab. The result from this work identified many gene 

deletions, over-expressions and medium components which can increase the 
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production of important small molecules such as Yersiniabactin, 6-dEB, Erythromycin 

and SAG. 

In the fourth chapter metals were systematically tested and screened in an effort 

to determine what other metals Ybt forms a complex with. Ybt-metal complexes were 

determined by using LC-MS. The metal removal properties of Ybt were explored by 

adsorbing Ybt onto XAD-16N resin which was then was subsequently used for metal 

removal tests. The degree of metal removal was quantified by determining the max 

amount of metal removal Qmax (mg Ybt/g adsorbent). This was accomplished by 

modeling the metal adsorption by the Langmuir and Redlich-Peterson isotherms. 

 In the fifth chapter Ybt was immobilized on XAD-16 resin on a packed bed 

column and used for metal removal of Mg2+, Cu2+ and Ni2+ from wastewater. Process 

characteristics of the metal removal were examined by analyzing column capacity and 

process models such as the Thomas and Dose Response model. 
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Chapter 1: Research Background  

1.1 Heterologous Production and Yersiniabactin 

Heterologous production using E. coli is a desired method for the production of 

natural products such as the anticancer drug Taxol and various antibiotics[1, 2]. 

Previously Taxol was produced from bark of the Pacific Yew tree, this was problematic 

due to the limited amounts of bark and slow growth of the tree. The use of E. Coli as a 

heterologous host allowed for the consistent production of Taxol without the reliance on 

a natural resource. Heterologous production using E. coli is also advantageous due to 

the plethora of tools that can be used to engineer this host thereby lending itself to 

greater production titers and increased access to these important compounds. 

Iron is a crucial nutrient for almost all forms of life and is needed for survival. The 

solubility of free ferric iron (Fe3+) in solution at physiological pH is reported to be (10-18 

M) [3, 4]. This low solubility of free ferric iron results from Fe3+ forming insoluble 

Fe(OH)3 complexes[4]. This low solubility of free iron in aqueous environments is 

problematic for the microorganisms that depend on it. To overcome this obstacle low 

molecular weight chelators called siderophores are secreted in nutrient deficient 

environments to scavenge for iron and are then are transported into the cell. 

Siderophores are able to compete with the natural hosts proteins for iron. Siderophores 

form an exceedingly stable complex with iron, with proton-independent stability ranging 

from 1010 to 1049 [5]. As a result of these molecules bacteria are able to concentrate iron 

within their cell, as It is estimated that concentration of ferric iron in Escherichia coli is 

10-3 M [6], for comparison in human serum Fe3+ is maintained at 10-24 M by 

transferrin[7].  Siderophores can also bind to other trace metals including Zn2+ 
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(zincophores), Mg2+ and Mn2+ which are essential for a host of metabolic processes[6]. 

Siderophores are uptaken in bacteria through special uptake channels in order to 

deliver these essential metal ions. 

Yersiniabactin (Ybt) is produced from Yersinia pestis, the causative agent of the 

plague[8], in addition to other bacterial sources that have acquired the Ybt genetic 

cluster[9, 10]. The pathogenic nature of the organism that natively produces Ybt limits 

compound access and associated studies to assess metal binding properties. Large scale 

production of Ybt using Y. pestis is not possible due to the restrictions associated with 

using a BSL3 organism.  In response, our group engineered an alternative production 

platform to allow safe access to the Ybt compound without the risk of handling Y. 

pestis[11].   

 Specifically, Escherichia coli served as a heterologous host for the production and 

engineering of Ybt[12]. A metabolically engineered strain of E. coli, designed to support 

complex natural product biosynthesis (Figure 1.1), housed plasmids that facilitated the 

transfer of the Ybt biosynthetic pathway from Y. pestis. The expression plasmids encoded 

proteins HWMP1, HWMP2, YbtU, YbtE that utilize a salicylate starter unit, three L-

cysteine molecules, S-adenosylmethionine (SAM), malonyl-CoA, and NADPH to produce 

Ybt[11, 13]. E. coli is usually cultured in shake flasks or bioreactors for the production of 

natural products. Heterologous biosynthesis of Ybt in a shake flask is shown in figure 1.1. 
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Figure 1.1: Heterologous biosynthesis of Ybt in a shake flask culture.  

After Ybt is produced it can be extracted and used in a variety of different 

applications. Some of which include metal removal from contaminated waste water 

streams and experiments which showcase Ybt’s potent antimicrobial properties against 

other pathogens. Ybt is an important siderophore and chelator with many important 

applications that I expect to grow as more research is done with this compound. 

Chelators are a very important class of molecules that have great importance to many 

processes and medical relevance. 
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1.1.1 Flux Balance Analysis 

Flux balance analysis (FBA) is an approach for studying biochemical networks [14]. 

FBA calculates the flux values of metabolites through the network thereby making it 

possible to predict biomass growth rates and metabolite production. Genome scale 

models of E. Coli and other organisms are available at (http://bigg.ucsd.edu/models). FBA 

solves the linear optimization problem:  (1) 𝑆𝑣 = 0, (2) 𝑎𝑖 < 𝑣𝑖 < 𝑏𝑖, (3) max(𝑍) where S 

is the stoichiometric coefficient matrix for all reactions contained in the metabolic network 

and v is the flux vector for each reaction(Figure 1.2). The lower and upper bounds of each 

reaction are denoted by ai and bi. The objective function Z is a vector which can consist 

of one or many reactions. Usually the objective function is set as the biomass equation 

although it is also useful to include an equation relating to a metabolite of interest if more 

than just cell growth rate is to be analyzed. FBA allows the metabolic network to be fully 

analyzed and gene deletions to be considered. Another flavor of FBA includes geometric 

FBA in which the solution space is further constrained to determine a more unique flux 

solution. FBA has been used to study different organism growth rates under a variety of 

different growth conditions and substrates[15].  

http://bigg.ucsd.edu/models
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Figure 1.2: Constraint based modeling. Mathematical formulation and visualization of FBA.    
Source: J.D. Orth, I. Thiele, B.Ø. Palsson, What is flux balance analysis?, Nature biotechnology, 28 (2010) 245-248. 

 

While FBA provides important information about the metabolic network. Using FBA 

to calculate flux values after a gene has been deleted can result in an unrealistically 

high flux value for the metabolite of interest. Minimization of metabolic adjustment 

(MOMA) is an algorithm that finds the flux vector such that the Euclidian distance is 

minimized between the wild type strain and the knockout strain (Figure 1.3)[16]. This 

algorithm produces more realistic flux values that align better with experimental 

results. 

 

 

 

 

 

 

 

Figure 1.3. A) Difference in flux solution between using FBA and MOMA of wild type strain 
and knockout strain.  
Source: D. Segre, D. Vitkup, G.M. Church, Analysis of optimality in natural and perturbed metabolic networks, Proceedings of the National 
Academy of Sciences, 99 (2002) 15112-15117. 

 

There are many different algorithms that can be employed for optimal strain design. 

Some algorithms that have been used are OptKnock, Genetic Design through Local 

Search(GDLS), OptReg OptForce and [17-20]. The OptKnock algorithm is a bilevel mixed 
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integer linear programming problem. First the objective function through gene knockouts 

is maximized which is then subject to an inner problem. The inner problem seeks to 

maximize the cellular objective function such as a metabolite of interest which is subject 

to further constraints. Using this algorithm with a set of candidate reactions yields a 

knockout strain optimized for production. GDLS also take an array of candidate genes or 

reactions and uses a local search algorithm based on the number of search paths k, 

GDLS is able to quickly obtain the local solutions found by OptKnock. OptReg and 

OptForce are both algorithms that can be used to determine what genes should be 

upregulated, down regulated or deleted. These are important advances since an optimal 

strain for production should have some combination of upregulations, downregulations, 

and or deletions. Xu et al. (2011) used OptForce to increase carbon flux towards malonyl-

CoA and increase flavanone production by 560% yielding a titer of 474 mg/L[21]. 

 Elementary mode analysis is another method that can be used to analyze 

metabolic networks. Elementary mode analysis calculates all solutions in the flux space 

by solving Sv=0 in conjunction with a thermodynamic constraint and an additional non-

decomposability constraint [22]. The non-decomposability constraint ensures the 

elementary mode is unique. This analysis can uncover complex interactions between 

reactions leading to product formation. These elementary modes are interesting since 

each mode can have different flux outcome for the metabolite of interest.  

 Metabolic engineering coupled with optimal gene expression and process 

engineering can be used to substantially increase the production of natural products. 

Process engineering via media optimization can be used to determine the components 

that contribute most to production. After the components have been determined, the 
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fermentation media can be used in scaled bioreactor production which lends itself 

towards greater cell densities and an increase in production. The use of FBA could also 

foster a greater understanding of what media components impact production thereby 

limiting the experimental workload. Using these strategies to increase natural product 

formation is essential to allowing increased access to these important and valuable 

compounds. 

1.2  Health Implications of Chelators 

Higher than normal concentrations of biologically relevant elements such as iron 

and copper can cause negative effects on the body and organs, however heavy metals 

are especially dangerous. Heavy metals such as Pb2+, Hg2+ and Cd2+ are toxic because 

the metal ion is incorporated into some biological important structures such as proteins 

and enzymes[23]. However upon complexation with the metal, the enzyme may 

deactivate or lose function. For example Pb2+ can cause anemia like symptoms since 

this metal reduces the activity of three enzymes involved in the synthesis of heme and 

reduces the ability to form normal blood cells[24]. Metal overload can be remedied by 

administering a chelating agent which forms a complex with the heavy metal, after 

which the metal can then be more easily excreted. This prevents the incorporation of 

the metal into other biologically important complexes and reduces the free metal 

concentration in the blood.  

Newer chelating compounds are replacing older chelating compounds for the 

treatment of metal overload due to improvements in the method of delivery, increase in 

effectiveness and reduction of negative side effects. Desferrioxamine (DFO) a 
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siderophore produced from Streptomyces pilosus has lost popularity for the treatment of 

iron toxicity due to the slow subcutaneous method of delivery. Na2EDTA for the 

treatment of hypercalcemia and CaNa2EDTA for the treatment of heavy metal toxicity 

are no longer the first line of treatment since both chelators must be administered 

intravenously. This trend illustrates how research and development of new chelators 

has progressed to better treat metal toxicity and improve patient comfort. 

Siderophore uptake channels can be targeted for the delivery of antibiotics that 

circumvent the usual slow diffusion of antibiotics through the cell wall thereby increasing 

the effectiveness of the antibiotic. Sideromycins are siderophores that are conjugated 

with an antibiotic moiety which are easily uptaken through siderophore uptake 

pathways[25]. There are many types of naturally occurring sideromycins and some that 

are currently undergoing clinical trials. A major advantage of using sideromycins for 

antibiotic delivery is the increased bactericidal activity towards antibiotic resistant strains 

of bacteria. 

1.2.1 Treatment for Iron Toxicity 

  The use of chelators as agents to treat acute and chronic exposure of heavy 

metals is integral to today’s arsenal of medicines to treat aliments caused by metal 

toxicity. Iron chelating drugs are mainly prescribed for primary excess iron conditions 

(hemochromatosis) or secondary (transfusion-dependent thalassemia)[26, 27]. Iron 

toxicity caused by repeated red blood cell transfusions in refractory anemias has the 

highest morbidity and mortality rate worldwide in comparison to any other condition that 

causes metal toxicity[26]. Iron overload can also be caused by increased dietary iron 
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absorption such as Bantu siderosis, genetic defects that cause increased iron absorption 

such as idiopathic hemochromatosis, and refractory anemias[28]. Iron overload is due to 

the lack of a formal mechanism for iron excretions which results in iron accumulation, 

sickness, and an early death. Three chelators prescribed to treat iron toxicity include 

Deferoxamine, Deferasirox and Deferiprone. Desferrioxamine (Deferoxamine) was the 

first chelating drug to treat iron toxicity and has been used since the 1970’s. DFO is a 

hexadentate chelator that complexes tightly with iron, and the complex is excreted in both 

urine and stools[29]. The DFO-Iron chelate is charged and does not easily leave and 

enter cells[30].   Deferoxamine is effective at reducing excess iron at doses of 40-60 mg 

kg-1 and is injected subcutaneously over 8-12 h per day at least five times per week[28, 

31]. Intramuscular administration of Deferoxamine had some limited effect and oral 

administration was shown to be ineffective due to the short plasma half-life of only 

minutes[30, 32, 33].  

Deferiprone (DFP, Ferriprox™,Kelfer™, L1, CP20) is a hydroxypyridinone chelator 

synthesized by Dr. Kontoghiorghes in the 1980’s the University of Essex in London[34]. 

Deferiprone was first used in humans in 1987 and can be administered orally. It is a 

bidentate ligand such that 3 molecules coordinate with one iron atom. An advantage of 

using this compound is that the Deferiprone- Fe3+ does not carry charge and can 

penetrate membranes with ease allowing for the removal and excretion of excess iron 

from tissues[35]. Deferiprone often causes gastrointestinal symptoms and can cause 

more severe side effects such as erosive arthritis, neutropenia and severe 

agranulocytosis. The usual dosage for Deferiprone is 75-100 mg kg-1 per day given in 

three doses throughout the day[29]. 
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Deferasirox (ICl670, Exjade) is part of a new class of tridentate chelators, clinical trials 

for this chelator were completed around ten years ago. It has plasma half-life of 8-16 

hours which allows for dosing once a day.  A cost analysis done in the UK had a sample 

size of 1,356 US adults of which the total costs were £195,244 with desferasirox and 

£173,744 with Desferrioxamine[36]. The dose of deferasirox was an influential on the 

cost-effectiveness of this drug as a lower dose of 15 mg per kg per day led to deferasirox 

being more effective and less expensive than Desferrioxamine[36]. Deferasirox was also 

more convenient for patients as it could be taken orally once per day in comparison to 

three times a day with Deferiprone and the slow subcutaneous method of 

Desferrioxamine. A typical dose for patients with transfusion-dependent anemias ranges 

between 10 and 30 mg Kg-1 per day[37].  

1.2.2 Treatment for Copper Toxicity 

Copper is a vital metal that is used as a cofactor for many proteins[38]. The average 

diet typically provides 2-5 mg day-1 with most of the dietary copper being excreted[38].  

Wilson disease (hepatolenticular degeneration) first described in 1912 by Kinnear Wilson, 

is a life threatening genetic disorder that causes copper build up in the organs often 

leading to chronic liver disease such as hepatitis, portal hypertension or cirrhosis and liver 

failure if left untreated[39, 40]. In other patients the liver disease does not advance while 

copper levels increase in other parts of the body causing predominantly neuropsychiatric 

manifestations, this often leads to a worse outcome than for the patients who have defined 

hepatic symptoms[41]. In 1993 the gene ATP7B was identified as the gene that causes 

Wilson disease, which encodes for a metal transporting P-type adenosine triphosphatase 

(ATPase) which is mainly expressed in hepatocytes[42]. ATP7B is responsible for the 
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transportation of copper through the transmembrane in hepatocytes, absent or reduced 

function of this gene leads to cause an increase of copper into bile, as the buildup 

continues copper is eventually released into the bloodstream and subsequently deposited 

in organs. 

Wilson disease is often treated with zinc and chelators such as Penicillamine 

(dimethyl cysteine), Triethylene tetramine (Trientine) and Tetrathiomolybdate (TM). 

Penicillamine and trientine complex with copper in the body which is then excreted in 

urine[43, 44].  TM’s four sulfur groups forms a tripartite complex with copper and a 

protein where it prevents copper absorption or makes copper unavailable for uptake[45]. 

Penicillamine was the first effective and practical compound used to treat Wilson’s 

disease which was introduced in 1956 by Walshe[46]. Typical doses range from .9 to 

1.5 g Day-1. The side effects of Penicillamine can be severe as neurologic deterioration 

is observed by 10 to 50% of the patients who take this drug[47, 48]. Penicillamine can 

also remove arsenic, cadmium, mercury and lead from the body, however, it is not the 

drug of choice for those metals as better chelating agents exist for heavy metal toxicity 

treatment. Trientine is tolerated better than Penicillamine due to less side effects, a 

typical dosage range is from .75 to 1.5 g day-1  [48]. TM was first recognized as a 

possible means of treatment for Wilson’s disease by veterinarians who used it to 

prevent copper poisoning in animals[49]. TM is fast acting and has the potential to 

quickly reduce copper toxicity while not having the negative neurological side effects of 

Penicillamine[46]. A typical dose for TM is 120 mg day-1 for 8 weeks[50]. 
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1.2.3 Chelators and Treatments for Toxic Metals 

Toxic metals such as arsenic, cadmium, lead and mercury have no biological 

relevance and may cause severe health problems depending on the level of exposure. 

Metals of an oxidation of 2+ or higher are found extensively in biological tissues bound 

by ionic or coordination bonds[51]. Toxic metals can interfere with many of the biologically 

relevant metals. Heavy metals bind to tissues which can create oxidative stress, affect 

endocrine function and can interfere with function of essential metal ions such as 

magnesium and zinc[51]. Chelation is essential to the detoxification of these metals in 

order to reduce the damaging effects.  

Current mercury and cadmium exposures are usually due to oral ingestion from 

fish or seafood or inhalation from cigarette smoke. Inorganic mercury circulates in the 

environment and is dissolved in freshwater and seawater which can then be bio-

accumulated through the food chain and subsequently ingested by humans in the form of 

methylmercury. Methylmercury poisoning symptoms include ataxia, paresthesia, visual 

disturbances and hearing difficulties as well as other neurological difficulties[52]. 

Lead is a powerful neurotoxin, childhood lead poisoning may impact 

developmental and biological processes including behavior and intelligence. Lead 

poisoning in adults can effect central and peripheral nervous systems, the kidneys and 

blood pressure[53]. Lead toxicity can cause peripheral neuropathy, severe colic, motor 

clumsiness, weakness, clouded consciousness and paralysis[53]. Environmental lead 

exposure can come from sources such as lead-based paints, leaded gasoline, lead 

leached from water pipes and mining operations[54]. Lead may come from drinking water 
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as many pipes in aging cities are made out of lead, a good example of this would be the 

events that surrounded the Flint MI lead crisis. The water source in Flint Michigan was 

temporarily changed from Detroit’s Lake Huron water supply to Flint River in an effort to 

save money while awaiting a new pipeline to be built to Lake Huron[55]. The water that 

was initially taken from Lake Huron was not corrosive toward lead as indicated by the low 

chloride, low chloride-to-sulfate mass ratio and the presence of a orthophosphate 

corrosion inhibitor[56]. In contrast to this Flint River had a high chloride and high chloride 

to-sulfate mass ratio and no corrosion inhibitor[56].  Furthermore the addition of ferric 

chloride to reduce disinfection by-products like trihalomethanes increased the 

corrosiveness of the water[55].  As a result of these actions, leaching of lead from the 

pipes occurred. 

Arsenic compounds are commonly used in the glass industry as a clarifier, copper 

arsenite as a wood preservative, gallium arsenide as a dopant in the production of 

semiconductors, pesticides, insecticides and as byproduct of the smelting of copper and 

gold[57]. Arsenic exposure through drinking water has been linked with various cancers, 

hyperkeratosis, anemia, and liver disease are common[57, 58]. Arsenic mainly exists in 

two oxidation states arsenic (III) and arsenic (V). Roughly 40-100% of soluble arsenic 

compounds are absorbed from the gastrointestinal tract [59]. Arsenic can inhibit 

enzymatic steps during glycolysis and the TCA cycle by binding with the sulfhydryl groups 

of enzymes. Arsenic is an extremely dangerous metal that causes a host of serious side 

effects, thus it is important that this metal be quickly and efficiently removed from the 

body. 
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1.2.4 Treatment for Toxic Metals 

Some common chelators that are used to treat heavy metal poisoning include 

Dimercaprol (British Anti-Lewisite, BAL) which was the first antidote to treat arsenical 

nerve gas. BAL is only administered by intramuscular injection which is a painful means 

of chelator delivery. BAL and EDTA have been replaced by meso 2, 3-dimercaptosuccinic 

acid (DMSA, Succimer®) and 2, 3-dimercaptopropane-1-sulfonate (DMPS, Dimaval®) 

which are both derivatives of BAL and can both be taken orally, and have less negative 

side effects. The usual dose of both DMSA and DMPS in adults for arsenic poisonings of 

moderate severity is 100 mg three times per day[60]. Excretion of these chelators occurs 

via urination and the elimination half-time is less than 4 hours for DMSA and 

approximately 9-10 hours for DMPS in humans[60]. 

Oral absorption of DMSA is roughly 20% with most of the DMSA in plasma being 

bound to protein[51]. DMSA increases the urinary excretion of toxic metals such as 

arsenic, lead, cadmium, methylmercury and inorganic mercury and also reduces the toxic 

metal concentration found in animal’s brains. The excretion of vital metals including iron, 

zinc, magnesium and calcium are far less than with CaNa2EDTA however there are 

potential increased losses of copper in humans[51]. A typical dose for the treatment of 

mild arsenic poisoning is 10 mg kg-1 of DMSA three times a day for 5-7 days followed by 

two doses a day of 10 mg kg-1 for another 10-14 days[57]. Esters of DMSA have been 

synthesized in order to achieve optimal chelation of arsenic in comparison to the native 

DMSA compound. 
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DMPS was first unveiled in the Soviet Union in the 1950’s as ‘Unithiol’[57]. In 

comparison to DMSA, DMPS oral absorption is approximately 39% higher[61]. DMPS 

increases the urinary excretion of lead, arsenic, cadmium, methylmercury and inorganic 

mercury. In a study for the excretion of trace metals with DMPS a large increase in the 

excretion of copper, magnesium, selenium and zinc were observed indicating the need 

to replenish these essential metals before and after treatment[62].  

EDTA was first introduced in 1950 for the treatment of lead poisoning[60]. The two 

salts of EDTA, Na2EDTA and CaNa2EDTA have both been used clinically. Na2EDTA has 

a strong affinity towards calcium and was previously prescribed to treat hypercalcemia, 

however other drugs are now used to treat this condition. Both forms of EDTA do not get 

absorbed well in the gastrointestinal tract so they must be administered intravenously. 

Some deaths have occurred when prescribing EDTA if the form has not been specified, 

this is especially dangerous for patients that should be receiving CaNa2EDTA but instead 

are given Na2EDTA[63]. CaNa2EDTA is no longer the medicine of choice for lead 

poisoning since it causes a larger loss of essential metals and is more inconvenient for 

the patient than DMSA which is given orally[51, 60].  

Chelation is essential to the detoxification of toxic metals however chelation can 

cause a redistribution of these metals within the body which could pose a threat. The 

most easily accessible metals found typically in the plasma, kidney and liver will be 

mobilized first, while the toxic metal buildup in the nervous system must be treated 

repeatedly with the use of multiple chelating agents. The collection of these metals or 

“pools” will slowly be depleted, as equilibration after treatment will allow for removal of 
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previously inaccessible metals via transport of metals within the body to more 

accessible regions which can now be targeted by chelation therapy. 

1.3 Sideromycins 

The development of antibiotic resistant bacteria is inevitable due to the strong use 

of antibiotics in human health and on animal livestock. Antibiotic resistant strains are 

developing more rapidly due to the lack of new antibiotics reaching the market in the past 

few decades[64]. This is particularly relevant to Pseudomonas aeruginosa, Acinetobacter 

baumannii and Klebsiella pneumoniae which are nosocomial pathogens which can affect 

immunocompetent but are especially dangerous for immunocompromised patients. 

Infections caused by P. aeruginosa have a high fatality rate even in developed 

countries[65]. These pathogens are responsible for a large proportion of infections in 

Intensive Care Units (ICUs) worldwide[64]. However the threat of antibiotic resistance 

also extends to E. Coli, K. pneumoniae and Enterobacter cloacae due the multiple 

mechanisms of resistance these bacteria harbor[66]. Thus new antibiotic discovery and 

development is essential to stay one step ahead of these evolving and dangerous 

pathogens. 

One way of increasing the effectiveness of antibiotics is to use the Trojan Horse 

strategy in which bacteria uptake antibiotics through nutrient uptake pathways. The use 

of iron uptake channels for antibiotic delivery into the inner compartments of bacteria is a 

promising approach [67]. Siderophore uptake pathways are excellent targets for antibiotic 

delivery systems due to the essential need for iron and universal production of 

siderophores from almost all bacteria.  
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Sideromycins are antibiotics which are covalently linked to siderophores which can 

be used against both gram-negative and gram-positive bacteria[68]. Sideromycins make 

the perfect “Trojan Horse” since they are easily uptaken by bacteria which strongly 

increases their antibiotic efficiency. The minimum inhibitory concentration (MIC) is 

approximately 100-fold lower than antibiotics that enter the cell through diffusion[68]. 

Sideromycins were discovered prior to siderophores in a screening for new antibiotics[69]. 

The first sideromycin substance that was isolated was called “grisein” from Streptomyces 

griseus that shared similarities to the antibiotics streptothricin and streptomycin[70]. This 

compound is a member of a class of sideromycins called albomycins which display broad-

spectrum antibiotic activity against both gram-negative and gram-positive bacteria. The 

classes of sideromycins currently known include albomycins, danomycins, ferrimycins, 

salmycins and microcins [71]. 

Albomycins consist of a ferrichrome-like hydroxamate siderophore composed of 

three tandem N5-acetyl-N5-hydroxyl-L-orthinine residues. At the C-terminus of the 

siderophore a serine residue functions as a linker to a nonproteinogenic α-amino acid 

with a 4-thioxylfuranose side-chain attached to a cytosine base. Modifications to the 

thioribosyl pyrimidine antibiotic moiety distinguish different types of albomycins. The 

pyrimidine is methylated at the N3 position in all albomycins. In albomycin δ2 the cytosine 

base bares two modifications that significantly enhances the bioactivity which includes a 

methylation of the N3 and carbamoylation of the N4 imino nitrogen[72]. Albomycin ε lacks 

the carbamoyl group and albomycin δ1 has the N3-methylcytosine substituted by a N3-

methyluracil [72]. The thioribosyl pyrimidine antibiotic identified as SB-217452 is a seryl-

tRNA synthase inhibitor. Seryl-tRna-synthetase is an essential enzyme involved in the 
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translation process. Albomycins are uptaken via the ferrichrome transport system by Fhu 

proteins in E. Coli and other gram negative bacteria[68]. FhuA facilitates transport from 

the outer membrane while FhuD and FhuB assists transport in the periplasm and 

cytoplasmic membrance respectively. The proteins ExbB, ExbD and TonB form a 

complex that provides the energy for transport across the outer membrane[68]. After the 

transfer of the albomycin into the targeted bacteria an endogenous peptidase promotes 

the cleavage of the linker to release the antibiotic into the bacteria cytosolic space[73].  

The MIC of albomycins are extremely low for example albomycin δ2 was reported 

to be as low as 10 ng/ml against Strepococcus pneumonia and 5 ng/ml against E. coli 

[72]. Similarly the MIC of albomycin against Y. enterocolitica 8081 was 500 ng/ml [74]. 

Other gram-negative strains that were sensitive to albomycins include 24 pathogenic 

enterobacterial E. coli strains, Serratia marcescens, Serratia liquefaciens, Klebsiella 

pneumoniae, Shigella flexneri, Shigella sonnei, Salmonella Heidelberg, Salmonella 

Ententidis and Yersinia enterocolitica were all sensitive to 2 μg/ml of albomycin which 

demonstrates the broad spectrum bactericidal abilities of albomycin [74] . Among gram-

positive bacteria S. pneumoniae, Staphylcoccus aureus, Staphylococcus carnosus and 

Bacillus subtilis were shown to be sensitive to albomycin[74]. 

Salmycins are produced by a certain strain of Streptomyces violaceus. 

Danomycins and salmycins are composed of a trishydroxymate danoxamine attached to 

an aminoglycoside moiety[25]. These compounds inhibit protein synthesis in Gram-

positive bacteria and are particularly effective against staphylococci and streptococci[25, 

75]. Four salmycins A-D have been identified with salmycin A and D being oximes of B 

and C respectively[6]. However, the detailed structures of danomycins remain unknown. 
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Ferrimycins feature a (Des)ferrioxamine B backbone with an 

aminohydroxybenzoic acid linker to an iminoester-substituted lactam[76].Three 

ferrimycins A1, A2, and B were isolated from Streptomyces griseoflavus ETH 9578 

however, a complete structural analysis is only available for ferrimycin A [6]. Ferrimycins 

are only effective against gram-positive bacteria.  

Microcins are peptides which are ribosomally synthesized and are sometimes 

post-translationally modified[77]. A microcin may undergo post translational modifications 

that use the non-ribosomal pathway for the construction of a siderophore moiety that is 

attached to the peptide. Microcin MccE492 is postranslationally modified with a linear 

enterobactin molecule which uses the catechol siderophore uptake systems as a gateway 

into the cell. MccE492 displays strong antibiotic activity against E. Coli, Salmonella 

enteritidis and S. typhimurium [71].  

Currently there are three sideromycin agents under development that target multi-

drug resistant (MDR) strains. These agents are BAL30072, a siderophore 

monosulfactam, from Basilea; and MC-1, a siderophore-conjugated monocarbam from 

Pfizer and S-649266, a catechol-cephalosporin antibiotic, from Shionogi 

Pharmaceuticals[78]. MC-1 is a siderophore-conjugated monocarbam antibiotic which 

has shown activity against multi drug resistant P. aeruginosa and beta-lactamase 

resistant strains of Enterobacteriaceae[78]. MC-1 showed low MIC90 values of 0.06-0.25 

mg/L against strains that displayed high MICs to cefepime, meropenem and 

ceftazidime[78]. MC-1 is active against porin-mutated strains of P. aeruginosa and a large 

range of gram-negative bacteria that have porin alterations and have β-lactamase  

antibiotic resistance[79].  
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BAL30072 is a monosulfactam linked with a dihydroxypyridone moiety and was 

developed by Basilea Pharmaceutica which is now entering phase 1 clinical trials[80]. 

BAL30072 showed high activity against MDR strains of P. aeruginosa and Acinetobacter 

sp. with MIC90 values of 4 ug/ml and 8 ug/ml respectively[81]. This agent also showed 

potent activity against A. baumanni with an MIC50 range of 2 mg/L-4 mg/L and a MIC90 

value greater than 64 μg/mL[82, 83]. BAL30072 was also shown to inhibit 69% of the 

carbapenem-resistant Enterobacteriacae at concentrations ≤ 4 mg/L [80]. BAL30072 is 

a promising antibiotic that is active against many MDR strains. 

S-649266 (cefiderocol) is a novel cephalosporin antibiotic with a catechol moiety 

on the 3-position side chain. The catalytic efficiencies (kcat/Km) of three clinically relevant 

carbapenemases IMP-1, VIM-2 and L1 were investigated for S-649266 and determined 

to be 0.0048, 0.0050, 0.024 μM-1s-1, respectively, which were more than 260-fold lower 

than meropenem[84]. This result shows that S-649266 is resistant to the antibiotic 

deactivating effects of those three carbapenemases. The MIC90 values of S-649266 

against E. coli, E. cloacae, Enterobacter aerogenes, Citrobacter freundii, K. pneumoniae 

and Serratia marcescens isolates were all ≤ 1 μg/mL and only 8 of 617 clinical isolates 

had MIC values greater than 8 ug/mL [78, 85].  S-649266 showed high bioactivity in vitro 

towards non-fermenting Gram-negative including Acinetobacter baumannii, 

Pseudomonas aeruginosa and Stenotrophomonas maltophilia. MIC90 values of S-649266 

against A. baumannii, P. aeruginosa and S. maltophilia were 2,1 and 0.5 mg/L 

respectively, in contrast to meropenem in which the MIC90 values were all greater than 16 

mg/L [86]. This compound has also shown potent in vitro activity against A. baumannii 
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producing carbapenmases and P. aeruginosa producing matallo-β-lactamases as shown 

by the low MIC90 values of 8 and 4 mg/L, respectively[86].  

The use of sideromycins presents an effective antibiotic delivery strategy that has 

been shown to be effective against MDR and carbapenmase producing bacterial strains. 

These compounds will come to the forefront of antibiotic research as current antibiotics 

are becoming less effective. Although this was not discussed here sideromycins can be 

produced synthetically such that the antibiotic moiety can be engineered for maximum 

bactericidal effect. 

1.4 Future Directions 

A future direction in siderophore research would be to find the ideal siderophore 

for the treatment of metal overload that has less negative side effects than current 

chelators on the market. Also a siderophore with the best potential to be up taken by 

dangerous pathogens should be identified so that different antibiotic moieties can be 

engineered to target those that are resistant to most current antibiotics. A way to 

accomplish this is to first perform a comprehensive test on what metals a siderophore 

binds and what bacteria uptake it. Eventually different antibiotic moieties could be 

engineered and tested against different bacteria. The bactericidal effect of siderophore 

itself could be tested independently since some siderophores have been shown to exhibit 

bactericidal effects in their own right. This dissertation is a first step in better 

characterizing Yersiniabactin and increasing production of it with a goal to eventually use 

it as an antimicrobial compound or base of a sideromycin. 
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Chapter 2 Increased Production of Ybt and the Anthranilate Analog 

 

2.1 Media Optimization 

 2.1.1 Introduction 

Yersiniabactin (Ybt) is a siderophore natively produced from Yersinia pestis, the 

causative agent of bubonic plaque. To circumvent the need to handle a priority 

pathogen like Y. pestis, the genes responsible for Ybt were inserted into Escherichia 

coli for heterologous production. Biosynthesis is completed by four proteins (HWMP1, 

HWMP2, YbtU, YbtE) that utilize salicylate, L-cysteine, malonyl-CoA, S-

adenosylmethionine (SAM), and NADPH to produce Ybt[11, 13]. 

 Ybt has previously been reported to bind chromium, iron, cobalt, nickel, 

copper, zinc, gallium, and aluminum[10, 87]. In addition, Ybt’s structure can be altered if 

other substrates are fed, thereby, offering new opportunities to test for different metal 

ligand binding[88]. For example, feeding of anthranilic acid to heterologous E. coli 

production cultures leads to an alteration of the original Ybt phenol to an aniline group 

(Figure 2.1).  One of the key advantages to having established heterologous Ybt 

production through E. coli (in addition to obviating the need to handle Y. pestis) is the 

engineering capabilities afforded by the growth properties and molecular tools available 

to this surrogate host.  These advantages can then be leveraged to provide better 

access to Ybt (and associated analogs) to further explore a myriad of metal binding 

applications. 
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   Figure 2.1 Ybt and anthranilate analog structures.  

 

 To highlight this potential, titers of ~9, ~4.5, and ~23 mg/L were obtained for Ybt 

from the initial heterologous system (BAP1/pBP198/pBP200/pBP205) and two 

subsequent strains metabolically engineered to improve substrate support 

(BAP1/pBP198/pBP200/pBP205/pMKA-10 and BAP1/pBP198/pBP205/pMKA-

11/pMKA-20), respectively, when using base M9 medium supplemented with 2 g/L 

casamino acids and 10 g/L of glycerol in shake flask cultures. In the current work, 

process engineering was applied to take advantage of the simple and rapid growth 

capabilities of the heterologous E. coli system and significantly improve upon Ybt 

production. Specifically, culture medium components were systematically screened to 

determine the effect on siderophore biosynthesis and ultimately determine a formulation 

that optimized production 

2.1.2 Materials and Methods 
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Reagents 

All medium reagents were purchased through Fisher Scientific and Sigma-

Aldrich. CAS assay components consist of chrome azurol S (CAS), anhydrous 

pipperazine, hexadecyltrimethylammonium bromide (HDTMA), FeCl3・6H2O, and 

concentrated HCL.  

Media Formulations 

M9 media was prepared as follows: 12.8 g/L Na2HPO4・7H2O, 6 g/L Na2HPO4, 3 

g/L KH2PO4, 0.5 g/L NaCl, 1 g/L NH4Cl, 10 g/L glycerol, and 2 g/L casamino acids. Base 

medium for optimization included 12.8 g/L Na2HPO4・7H2O, 3 g/L K2HPO4, 1 g/L NH4Cl 

(in this medium, NaCl was excluded due to a negative effect in early screening efforts 

[Table 1]).  With this initial solution, statistical design-of-experiments optimization 

studies were conducted (as described and outlined below). A resulting optimized 

medium (without specific amino acid components) was formulated with 12.8 g/L 

Na2HPO4・7H2O, 3 g/L K2HPO4, 1 g/L NH4Cl, 3 g/L casamino acids, 1 g/L yeast extract, 

and 4 g/L glycerol. Applying additional screening, a final optimized medium for Ybt 

production included 12.8 g/L Na2HPO4・7H2O, 3 g/L K2HPO4, 1 g/L NH4Cl, 3 g/L 

casamino acids, 1 g/L yeast extract, 4 g/L glycerol, 8 g/L of glucose, 0.2 g/L each of L-

Ala, L-Gln, L-Pro, L-Ser, L-Thr, L-Trp, and 0.25 g/L of L-Cys. Using the same 

progression, the final optimized medium for the anthranilate analog included 12.8 g/L 

Na2HPO4・7H2O, 3 g/L K2HPO4, 1 g/L NH4Cl, 3 g/L casamino acids, 1 g/L yeast extract, 
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4 g/L glycerol, 4 g/L of glucose, 0.2 g/L of L-Gln and L-Pro, 0.25 g/L of L-Cys, 0.5 g/L of 

L-Trp, and 0.7 g/L of L-Ala, L-Ser, and L-Thr.  A 100× concentrated vitamin solution was 

made with 60 g/L choline, 1 g/L thiamine, 5 g/L riboflavin, 24 g/L nicotinic acid, 4 g/L D-

pantothenic acid, 1 g/L pyroxidine HCL, and 0.3 g/L folic acid. A separate 1,000× 

thiamine solution was made at a concentration of 2 g/L. A 100× concentrated trace 

metal solution consisted of 15 g/L MgSO4, 3.5 g/L FeCl3・6H2O, 0.2 g/L ZnCl2, 1 g/L 

CaCl2, 0.2 g/L Na2MoO4・2H2O, 0.2 g/L CuSO4・5H2O, 0.1 g/L H3BO3, 0.2 g/L MnCl2・

4H2O, and concentrated HCL at 100 mL/L. The pH of all medium formulations was 

adjusted to 7.5. All solutions were prepared with Millipore water and filter-sterilized 

before combined into final medium compositions. For overnight cultures, lysogeny broth 

(LB) medium consisting of 10 g/L tryptone, 10 g/L NaCl, and 5 g/L yeast extract was 

used.  

Strains 

The initial optimization experiments used E. coli BAP1(pBP198/pBP200/pBP205) 

for Ybt production and BAP1(pBP198/pBP205) for anthranilate analog production[11]. 

Strains BAP1(pBP198/pBP200/pBP205/pMKA-10) and BAP1(pBP198/pBP205/pMKA-

11/pMKA-20) were later tested once an optimal medium was determined[12]. Plasmid 

pBP198 contains the genes for HMWP2 and YbtU, pBP200 contains the gene for YbtT 

that serves an editing function to enhance Ybt production[89], pBP205 contains the 

genes for HMWP1 and YbtE[11]. PMKA-10 contains ybtT and irp9 with the latter gene 

allowing for the intracellular production of salicylate without the need for exogenous 

addition. The pMKA-11 construct contains irp9, ybtT, and metK, which encodes a 
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synthetase that improves flux from L-methionine to SAM[12]. The pMKA-20 construct 

contains the E. coli genes accA,B,C,D to increase malonyl-CoA levels within the 

cell[90]. Culture plasmid selection was maintained with 100 μg/mL ampicillin, 50 μg/mL 

kanamycin, 20 μg/mL chloramphenicol, and 50 μg/mL streptomycin, as needed. 

Inoculum Preparation and Culture Conditions 

Overnight 5 mL cultures from glycerol stocks were incubated at 37°C with 

shaking in LB broth. All subsequent cultures (within various medium optimization 

experiments) were inoculated at (1% v/v) from overnight cultures and incubated at 30°C 

and 325 rpm until an OD600nm of 0.4-0.7 was reached and then 300 µM of isopropyl β-D-

1-thiogalactopyranoside (IPTG) was added to induce gene expression. After this, the 

culture was incubated at 22°C and 325 rpm for 5 days, at which point production 

analysis was completed. Unless otherwise indicated, salicylate (1 mM) was added to 

cultures containing strain BAP1(pBP198/pBP200/pBP205) for Ybt production and 

anthranilic acid (1 mM) was added to cultures containing strain BAP1(pBP198/pBP205) 

for anthranilate analog production. 

 Microplate studies were conducted in 96-well, flat-bottom Corning Inc. Costar cell 

culture plates with a low evaporation lid. Each well contained 200 µL of medium. 

Evaporation was minimized by adding 200 µL of sterile M9 media to the rows and 

columns on the border of the plate[91]. Eppendorf tubes (1.5 mL) were used for 200 and 

400 µL batch cultures that better controlled evaporation than 96-well plates. Erlenmeyer 

shake flasks (125 mL) sealed with a foam plug were used for 12.2 mL culture volumes. 

Larger scale M9 cultures (500 mL) were conducted in 1 L Erlenmeyer shake flasks for 

the specific purpose of purifying Ybt-metal adducts for LC-MS quantification. 
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CAS Assay 

In order to test the results from the well plates rapidly and economically, the CAS 

assay for siderophore detection was used[92]. To test for Ybt and anthranilate analog 

production, culture well plates were first centrifuged at 4,000 RPM for 10 minutes and 

then 15 µL of supernatant added to a separate Fisher round-bottom 96-well plate before 

adding 100 µL of CAS assay and 85 µL of distilled water. The plates were incubated for 

5 hours at 25°C and 300 rpm and then analyzed in a BioTek plate reader at 630 nm. 

The Beer-Lambert law was used to measure production: A = εcl where A is the 

absorbance, ε is the extinction coefficient (100,000 M-1cm-1), c is the concentration, and 

l is the path length which was experimentally determined for 200 µL of fluid in the well 

plate to be 0.5684 cm. The CAS assay works on the following principle: iron forms a 

weak complex between HDTMA and CAS, but in the presence of a strong chelator, 

such as a siderophore, the iron is sequestered away from the HDTMA-CAS-Fe3+ 

complex causing an absorbance change. The concentration was found by using the 

following formula: c = (ΔA/εl), where ΔA is the change in absorbance from the control 

sample and a sample containing siderophore in the supernatant. It is important to note 

that a separate blank control was used for each different media composition since 

different amino acids and components can also sequester iron from the HDTMA-CAS-

Fe3+ complex. This was necessary since some media compositions substantially 

changed the absorbance readings from the CAS assay even when no siderophore was 

present. This assay can only be used to measure metal-free Ybt and analog 

concentrations, which were maximized in the above culture conditions by determining 

the optimal amount of glucose, glycerol, casamino acids, yeast extract, and individual 
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amino acids concentrations. Figure 2.2 shows the color change associated with the 

CAS assay when a siderophore is present. 

 

 

   Figure 2.2 CAS assay color change in presence of a siderophore.  

 

Experimental Design and Analysis 

In order to determine which medium component(s) had the largest effect on the 

production of Ybt and on the anthranilate analog, the screening method developed by 

Plackett and Burman was utilized[93]. This screening method relies on an orthogonal 

experimental matrix derived from least squares and finite field theory, which can be 

used to determine the positive and negative effects from each component and 

associated bounds, allowing a compact and efficient experimental design relative to 

alternative design of experiments methods. For example, to measure the effects from 
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15 components, n+1 experiments (or 16) would be required through Plackett-Burman 

methodology; whereas, a 2-level full factorial design would require 2n or 32,768 

experiments.  

 Each experiment conducted included two replicates and was repeated three 

separate times to ensure the accuracy and reliability of results. The effect of each 

component was calculated by taking the sum of the positive conditions and subtracting 

from the sum of the negative conditions and then dividing by the total number of media 

made: 𝐸𝑓𝑓𝑒𝑐𝑡 =
(∑ 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑠−∑ 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑠)𝑛

𝑖=1
𝑛
𝑖=1

𝑛𝑡𝑜𝑡𝑎𝑙
 . A control limit (CL) was 

defined to quantify the impact of a response. The CLs were calculated as t×SD×(4N-

1)0.5, where N is the total number of responses, SD is the average standard deviation 

from experimental replicates, and t is calculated from the Student’s t distribution at a 

95% confidence interval[91]. Any effect value greater than the CL indicates a positive 

response and any value that is less than the negative of the CL indicates a negative 

response. Hence, the CL is used to screen components and determine which have the 

largest impact (positive or negative) on siderophore production.   

 The final medium was determined after a series of screening and component 

variation experiments. First, key medium components such as tryptone, casamino 

acids, yeast extract, NaCl, and carbon sources were screened. The effect from 15 

different amino acids were also determined and those that showed a positive effect 

were included in the final medium. Once the core components for the medium had been 

determined, the values were varied from low to high to determine bounds for each 

component. Next, after the bounds were determined and the optimal concentrations of 

glucose, glycerol, yeast extract, and casamino acids were identified, the composition of 
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the amino acids were varied between 0.2 g/L and 0.7 g/L to separately determine 

bounds for core amino acids. Larger culture volumes (200 and 400 µL) were then used 

to both fine-tune amino acid levels and initially assess scaling beyond the original 96-

well screening volumes; the highest titer in both of the larger volumes determined the 

amino acid concentration that was used in the final medium composition. Finally, trace 

metals and thiamine were added to increase the cell density and associated production, 

thereby, leading to the final optimized medium for Ybt and analog production. The 

culture volume used in these final experiments was 12.2 mL and OD600nm values were 

recorded daily.  

LC-MS Analysis 

Large scale (500 mL) cultures were extracted twice with an equal volume of ethyl 

acetate each time prior to concentration by roto-vaporization to a final volume of ~1 mL, 

which was then used as a basis to purify Ybt-metal complexes for use as analytical 

standards. Prior to LC analyses, 1 mL of acetone was added per 50 mL of culture and 

FeCl3 was added to a final concentration of 3 mM to all cultures. Purified Ybt-metal 

complexes were achieved using an Agilent 1200 preparatory HPLC system equipped 

with a Waters C18, 5 µm, 300 Å, 3.9 × 150 mm ID column. A 1 mL/min flow rate was 

used with 10-100% acetonitrile (balance water) gradient over 30 minutes. Collected 

fractions containing Ybt-Fe3+ were quantified at 385 nm using the known extinction 

coefficient of Ybt-Fe3+ (ε=2,884 M-1cm-1)[87]. Purified Ybt-Al3+ fractions were collected 

and analyzed by using a Thermo Scientific iCAP ICP-AES to measure aluminum 

concentration. Assuming one-to-one binding, the aluminum molar concentration 

equated to the Ybt concentration.   
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Ybt-Fe3+ and Ybt-Al3+ were then used to create a calibration curve via LC-MS 

analysis using an API 3000 Triple Quad LC-MS with Turbo Ion source (PE Sciex) 

attached to a Shimadzu Prominence LC system to quantify Ybt production. Ybt was 

quantified using multiple reaction monitoring (MRM) to look for Ybt-Fe3+ (535.1/348.1), 

Ybt-Al3+ (506.2/319.1) and Ybt-Cu2+ (542.9/356.2) in each sample. Ybt-Cu2+ was 

quantified using the Ybt-Al3+ calibration curve in the absence of a Ybt-Cu2+ standard (a 

purified Ybt-Cu2+ fraction could not be recovered from the preparatory HPLC method 

described above). The anthranilate analog was quantified by looking for analog-Fe3+ 

(534.1/347.0) and using the Ybt-Fe3+ calibration curve in absence of an analog-Fe3+ 

standard (signals for analog bound to copper or aluminum were not detected). Through 

this method, each compound and the most intense major fragment were used to 

quantify Ybt and the anthranilate analog, an approach that increases the accuracy of 

measurement since any other compounds that have the same m/z but lack the 

characteristic fragment will not contribute to final combined titer values. The MS 

analyses were performed in positive ion mode, and the chromatography was performed 

on a Waters X Terra C18 Terra column (5 µm, 2.1 × 250 mm). After an injection of 4 µL 

of culture supernatant, conditions for the LC-MS were a 5%-95% acetonitrile (balance 

water; both solutions containing 0.1% formic acid) gradient over 15 min at a flow rate of 

0.2 mL/min.  

2.1.3 Results and Discussion 

Medium Component Screening 

Strains BAP1/pBP198/pBP200/pBP205 and BAP1/pBP198/pBP205 were used in 

this study to determine the optimal production media for Ybt and the anthranilate 
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analog. The initial part of this optimization focused on increasing the specific titer. To do 

so, casamino acids, tryptone, yeast extract, individual amino acids, and carbon sources 

were screened to determine the impact upon production. A preliminary analysis of these 

components is shown in Table 2.1 Numbers in bold represent values that exceeded the 

CL and either had a positive or negative effect on production. L-cysteine had a clear 

positive effect on production, supporting its role as a metabolic substrate for both 

siderophore molecules. The components present in the medium can affect the entire 

metabolic network as well as pathways directly linked to heterologous siderophore 

production. For example, when combined, Tryptone and casamino acids both showed a 

negative effect in the initial screening; however; they were also tested separately to 

assess for individual improvements to final heterologous siderophore production. When 

tested individually, casamino acids inclusion resulted in higher titer values and was 

therefore used in future experiments. Furthermore, future experiments showed a 

positive effect upon production when the concentration of casamino acids was 

increased in the culture. 
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Table 2.1 Preliminary screening of base components. Components were screened within 96-well plates 

with BAP1(pBP198/pBP200/pBP205) for Ybt production and BAP1(pBP198/pBP205) for analog production. 

Bolded values exceeded the control limit (CL). Titer values represent unbound siderophore concentrations. 

A vitamin solution and 14 individual amino acids were tested as presented in 

Table 2.2 For this experiment, 1 g/L of casamino acids and 10 g/L of glycerol were 

included in the base medium (used to provide base metabolic support of cell growth). 

The vitamin solution exceeded the 95% CL and had a clear negative impact on 

production; thus, it was not used in subsequent medium formulations. L-serine resulted 

in a positive response compared to other amino acids, supported by the potential L-

serine to L-cysteine intracellular conversion prior to incorporation into Ybt. Amino acids 

that had the largest combined positive effect across the Ybt and analog values were 

used in the next round of medium optimization. 
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Table 2.2  Vitamin solution and amino acid screening. Components were screened within 96-well plates using 

BAP1(pBP198/pBP200/pBP205) for Ybt production and BAP1(pBP198/pBP205) for analog production. Bolded 

values exceeded the control limit (CL), in this case, in a negative direction.   

 

Determining Bound Limits for Medium Components 

Casamino acids, yeast extract, glycerol, glucose, L-Ala, L-Cys, L-Gln, L-Pro, L-

Ser, L-Thr, and L-Trp resulted in the most positive increases to titer values and further 

experiments were conducted to determine the optimal concentrations for production. 

The bounds for the components were determined by performing more experiments 

utilizing the Plackett-Burman experimental setup as outlined in Table 2.3. After this 

experiment, effects were analyzed to fix the values of core components prior to 

subsequent optimization efforts. For example, a positive effect was elicited from 

casamino acids when the value was varied from 2 to 3 g/L for both Ybt and anthranilate 

analog production, thus, 3 g/L was set as the optimal value for the following 

experiments. Yeast extract resulted in a marginal response across an increase from 0.5 

to 1.5 g/L, so the final value was set to 1 g/L for both medium formulations. A negative 

effect was observed when glycerol was varied from 2 to 12 g/L, so a value of 4 g/L was 

selected (in this case, the lowest value of 2 g/L was not selected because of the 

relatively mild negative effect; whereas, a more pronounced negative effect would have 

prompted the selection of the lowest bound). A positive effect resulted for Ybt 

production when glucose was varied from 2 to 8 g/L; however, a negative effect resulted 

for analog production.  Thus, the optimal Ybt production medium was set to 8 g/L 

glucose while the analog was set to 4 g/L.   
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Table 2.3  Determining bounds on medium components. Bounds were determined within 96-well plates using 

BAP1(pBP198/pBP200/pBP205) for Ybt production and BAP1(pBP198/pBP205) for analog production. Each 

component was varied from a low to high concentration. For amino acids, the positive or negative effect that results 

determines the starting point for further component variation. Bolded values exceeded the control limit (CL). 

After the bounds were determined for the components indicated directly above, 

strains were cultured in Eppendorf tubes at volumes of 200 and 400 µL to further refine 

the bounds for selected amino acids and test initial scaling of culture conditions (Table 

2.4). In this table, the core components were set at their optimal value (based upon 96-

well plate optimization efforts), but amino acid levels were further varied based upon the 

results from Table 2.2. If individual amino acid concentration increases from a minimum 

value to a maximum value resulted in a negative effect upon production, the component 

value would be further varied near the minimum value. If the component concentration 

increase resulted in a positive effect, subsequent variations for that component would 

take place near the maximum value. For a control medium, casamino acids, yeast 

extract, glucose, and glycerol without the addition of amino acids were used to compare 
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siderophore production. There is a substantial increase in Ybt production from the 

control (5.1 and 3.2 mg/L) to optimized (28.8 and 31.2 mg/L) media within 200 and 400 

µL culture volumes, respectively. The optimized analog production medium shows a 

similar result. 

 

Table 2.4 Scaled amino acid component variation. Optimal values for amino acid components were determined in 

200 and 400 µL cultures using BAP1(pBP198/pBP200/pBP205) for Ybt production and BAP1(pBP198/pBP205) for 

analog production. Bolded values represent final optimal media.  

Increased Cell Density and Production 

Until this point, the medium optimization strategy focused on boosting specific 

titer since the maximum OD600nm for both strains was near one. In order to further 

increase production, culture media was supplemented to improve cellular density by 

adding a trace metal solution and thiamine. In addition, to increase aeration and 

dissolved oxygen concentration, a culture shake speed of 325 rpm was selected.  Table 

2.5 shows the average final OD600nm for all strains grown on the supplemented optimal 

medium with a ~10-fold increase from prior maximum OD600nm values. The addition of 

trace metals compromised the use of the CAS assay for analysis; however, as both Ybt 

and the anthranilate analog will be fully bound to various metals within this mixture. As a 
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result, LC-MS was used to analyze all samples that contained trace metals (i.e., the 

12.2 mL cultures). 

 

Table 2.5 Cell density increase upon optimal medium supplementation. Effects on cell density resulting 

from the optimal medium supplemented with trace metals and thiamine. The first three strains were grown in the 

optimal Ybt production medium while the last strain was grown in the optimal analog production medium. 

All titer values increased with the optimized media as shown in Figure 2.4 The 

Ybt titers increased to 46.2 ± 5.3 mg/L, a 5-fold improvement for strain 

BAP1(pBP198/pBP200/pBP205), and to 57.4 ± 27.7 mg/L,  a 13-fold improvement for 

BAP1(pBP198/pBP200/pBP205/pMKA-10). The largest difference can be seen with 

strain BAP1(pBP198/pBP205/pMKA-11/pMKA-20) that produced Ybt at a concentration 

of 867 ± 121 mg/L, a 38-fold improvement from the base M9 media. The substantial 

improvement for the BAP1(pBP198/pBP205/pMKA-11/pMKA-20) strain suggests that 

the optimal medium is supporting the metabolic engineering introduced by plasmids 

pMKA-11 and pMKA-20, which focused on pathway engineering to enhance precursors 

required for Ybt and analog biosynthesis. In other words, the medium optimization 

further contributed to these intracellular pathways required for compound formation. 

Alternatively, the new medium formulations may have addressed a separate bottleneck 

to biosynthesis, thus, complementing the metabolic engineering encompassed by the 

pMKA-11 and pMKA-20 plasmids.     
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Figure 2.4 Titer values from strains cultured in optimal Ybt production medium. Strains: 1: BAP1 

(pBP198/pBP200/pBP205); 2: BAP1(pBP198/pBP200/pBP205/pMKA-10); 3: BAP1(pBP198/pBP205/pMKA-

11/pMKA-20). Strains were cultured in 12.2 mL of either M9 or optimal Ybt production medium. 

Strain BAP1(pBP198/pBP205) produced 0.8 mg/L ± 0.25 mg/L of the anthranilate 

analog in the optimized production medium which is a 3-fold improvement from the titer 

produced in the base M9 medium (Figure 2.5). Interestingly, when anthranilic acid was 

added to cultures of BAP1(pBP198/pBP205/pMKA-11/pMKA-20), in an effort to test 

analog production in the medium and strain optimized for Ybt formation, an analog 

concentration of 16.6 ± 0.3 mg/L resulted (Figure 2.5), which is a 79-fold improvement 

relative to minimal medium production from the same strain.  This result clearly 
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indicates the overlap in metabolism shared by the two compounds and how pathway 

support and/or more global metabolic support contributes to overall production. 

 

Figure 2.5  Anthranilate analog production. Strains: 1: BAP1(pBP198/pBP205); 2: BAP1(pBP198/pBP205/pMKA-

11/pMKA-20). Strains were cultured in 12.2 mL of either M9 or production medium optimized for analog (1) or Ybt 

(2) production.  For strain 2, 0.2 g/L of anthranilic acid was added to cultures.  

Chapter 3: Constraint-based metabolic targets for the improved 

production of heterologous compounds across molecular classification 

3.1 Identification of genes and medium components 

 3.1.1 Introduction 

 Microorganisms are used for the production of many of the world’s most 

important products, with therapeutic value spanning compounds such as antibiotics, 

anti-inflammatory agents, and anti-cancer drugs[94]. In most cases, industrial 
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microorganisms must be engineered to allow access to higher production titers in order 

to be commercially competitive. This strain improvement process determines whether a 

natural product goes to market or is removed from the drug development pipeline[95].  

There are different methods to improve cellular-based production that include: 1) 

random mutagenesis and screening for higher production mutants; 2) process 

engineering through medium optimization; and 3) metabolic engineering to address 

intracellular biosynthetic bottlenecks[95]. Though the first approach is non-directed and 

relies upon laborious experimental protocols, the latter two options provide a more 

directed route to production improvement because both approaches can be 

computationally modeled to systematically predict and then selectively implement 

product enhancement strategies[96, 97 ]. 

There is an ever-increasing number of genome scale models that have become 

available to model many diverse microorganisms[98]. Large constraint-based metabolic 

networks (subjected to a pseudo-steady state assumption) are typically 

underdetermined, and solutions require an optimization framework that is linear in 

nature[14]. For microbial organisms, the objective function optimization target is usually 

set as the biomass reaction[99]. This is often not ideal since the analysis of other 

compounds of interest are neglected. An objective function, however, can consist of a 

linear combination of functions. Hence, other metabolites of interest can be chosen as 

the objective function or chosen in conjunction with the biomass equation to give a 

better analysis of both biomass and metabolite formation[14]. The solution space of this 

system can be further constrained by introducing realistic uptake rates for carbon 

sources, oxygen, and amino acids[100]. 
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Our research group applies a production approach termed heterologous 

biosynthesis, which is designed to gain access to a valuable cellular product through the 

transfer of the prerequisite genetic material to a surrogate host (for example, 

Escherichia coli) with advantages relative to the native producer[101, 102].  Using this 

approach, production systems have been established for secondary metabolite 

polyketide and nonribosomal peptide-polyketide complex natural products (such as 

6dEB, its follow-up product erythromycin D, and Ybt) in addition to compounds derived 

from primary E. coli metabolism (SAG)[1, 11, 103] . The 6dEB polyketide product is a 

precursor to the antibiotic erythromycin D which can subsequently be transformed into 

erythromycins C and A[104]. Ybt is a nonribosomal peptide-polyketide siderophore that 

we have applied in metal-laden wastewater treatment[89, 105]. SAG, which shares a 

key salicylate intermediate with Ybt, has been initially tested as an anti-inflammatory 

agent with properties similar to aspirin[106].   

Two key challenges are associated with heterologous biosynthesis. The first of 

which is establishing production in the new host system. However, even if successful, 

utility may be limited by lack of sufficient production metrics. Towards this end, 

computational metabolic engineering approaches offer a directed method of improving 

compound biosynthesis.  Currently, our group is producing Ybt and SAG at ~0.9 g/L and 

~2.5 g/L, respectively[106, 107], and 6dEB and erythromycin A at ~160 mg/L and ~9 

mg/L, respectively[91, 104]. A range of trial-and-error experimental approaches are 

available to improve the aforementioned production metrics; however, a challenge faced 

by most research groups (academically or industrially) is to execute improvements in an 

efficient and cost-effective manner. 
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Flux Balance analysis (FBA) is a metabolic engineering tool in which genome 

scale models can be used to identify intracellular production bottlenecks[14, 108, 109]. 

FBA coupled with other strain engineering algorithms has been used in the past with 

great success to increase the production of compounds; as an example, FBA in 

conjunction with OptForce led to an increase in carbon flux towards malonyl-CoA and 

increased flavanone production by 560%[21]. A key advantage of the genome-scale 

modeling capabilities of FBA is the identification of non-obvious gene deletions and 

over-expressions capable of improving biosynthetic outcomes, which makes it an 

invaluable tool for metabolic engineering strain design. The connection between 

intracellular metabolic flux and the exchange rate of extracellular nutrients also enables 

FBA to model the impact of medium components upon biosynthesis.   

Many complementary design algorithms have also been developed to further 

maximize production of a certain compound, including programs such as OptKnock, 

Genetic Design Through Local Search (GDLS), and the aforementioned OptForce[17, 

18, 20]. Minimization of Metabolic Adjustment (MoMA) is an additional tool capable of 

determining gene deletions with more accurate flux values relative to FBA alone[16]. 

These algorithms provide a strong suite of options to guide optimal strain design for the 

over-production of target metabolites.  

In this work, variations of FBA were applied to the four natural products 

introduced above produced heterologously through E. coli. In particular, the systems 

were analyzed for gene deletions/over-expressions and medium components that 

contribute to improved cellular production. In so doing, we take a classical approach of 
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systems modeling to efficiently and economically dictate subsequent experimental steps 

towards the production of a range of biosynthetic compounds with valuable bioactivity.  

3.1.2 Methods 

A genome-scale stoichiometric model was downloaded from 

(http://bigg.ucsd.edu/models) and IJO1366 was utilized as the base model for E. 

coli[96]. The equations for 6dEB and erythromycin D biosynthesis were taken from 

(https://biocyc.org/). For 6dEB and erythromycin biosynthesis, a propionyl-CoA 

carboxylase reaction was added to the E. coli model (and assumed to be reversible) 

with the following stoichiometry: ATP+HCO3+propionyl-CoA↔ADP+H++(2S)-

methylmalonyl-CoA+Pi. For 6dEB biosynthesis, the reaction stoichiometry is as follows: 

propionyl-CoA+6 (2S)-methylmalonyl-CoA+12 H++6 NADPH→6 NADP++H2O+6CO2+7 

CoA+6dEB. Next, the equation for erythronolide B biosynthesis was introduced as 

follows: 6dEB+H++NADPH+O2→NADP++H2O+erythronolide B. Five equations were 

then added for dTDP-L-mycarose deoxysugar production followed by erythronolide 

B+dTDP-L-mycarose→H++dTDP+3-α-mycarosylerythronolide B. Four equations were 

then added for dTDP-D-desosamine deoxysugar production, followed by the reaction for 

erythromycin D production: 3-α-mycarosylerythronolide B+dTDP-D-

desosamine→dTDP+H++erythromycin D. 

For Ybt and SAG production, the gene irp9 (originally from Yersinia 

enterocolitica) was added encoding for salicylate synthase catalyzing the following 

reaction: isochorismate→pyruvate+salicylate. For Ybt production, the following equation 

was added: salicylate+3 L-cysteine+S-adenosyl-L-methionine (SAM)+malonyl-

http://bigg.ucsd.edu/models
https://biocyc.org/
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CoA+NADPH→Ybt. For SAG production, the following equation was added: 

salicylate+UDP-α-D-glucose→SAG+UDP. 

Calculations were made in MATLAB® R2017A using version 4.1 SBML toolbox 

and the 2017 COBRA toolbox. Optimization was undertaken using the Gurobi version 

7.51 solver interfaced with the COBRA toolbox and MATLAB® R2017A. 

Flux Balance Analysis  

Metabolic reactions are represented as an m×n stoichiometric matrix (S) where 

each row represents a compound and each column represents a reaction[14]. The flux 

through all reactions in the network is represented by the vector v[14]. The steady state 

representation of this network is: 

𝑺 ∙ 𝒗 = 𝟎            (1) 

Subject to 𝑎𝑗 < 𝑣𝑗 < 𝑏𝑗                                              (2) 

Where aj and bj are lower and upper bounds, respectively. 

The reaction to maximize or minimize the objective function is given by: 

𝑍 = 𝐶𝑇𝒗            (3) 

Where C is a row vector containing weights for individual fluxes on the objective 

function. Equation 1 is typically underdetermined where the number of fluxes or 

pathways are greater than the number of metabolites, leading to a system of equations 

with no unique solution[109]. The FBA approach, however, provides a method of finding 

optimal points when in a constrained solution space through the incorporation of an 

objective function. All flux units are in mmol gDCW-1 hr-1 except the biomass formation 

flux which has units of hr-1. 

Minimization of Metabolic Adjustment 
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MoMA has been shown to better predict flux distributions of gene deletion 

mutants when compared to FBA[16]. The assumption behind MoMA is that after a gene 

is deleted, the cell will perform in a suboptimal state since it has not evolved its 

perturbed network. The MoMA algorithm replaces the objective function with one 

minimizing the Euclidian distance between the wild type strain flux vector and the flux 

vector of the single gene deletion mutant and is formulated as a quadratic programming 

problem:  

Minimize : (𝑥 − 𝑤)𝑇(𝑥 − 𝑤), subject to 

     𝑺 ∙ 𝒗 = 𝟎 and 𝑎𝑗 < 𝑣𝑗 < 𝑏𝑗   (4)   

Here, w is the wild-type flux vector and x is the deletion strain flux vector (with the 

other variables introduced above). In this analysis, only single gene deletions were 

conducted and the top 25 reported; double gene mutants were not performed due to the 

extensive computational time involved.  

OptForce 

The main concept behind OptForce is to maximally resolve what fluxes must 

change from the range of values that span the wild-type strain in response to an over-

production target[20]. Iteratively minimizing and maximizing each flux subject to the 

stoichiometric constraints and uptake conditions can yield the maximal range of flux 

variability for the wild-type strain. This approach results in a set of lower and upper 

bounds for each flux in the metabolic network. Reaction fluxes that must increase as a 

result of over-production requirements are termed MUSTU sets and fluxes that must 

decrease are termed MUSTL sets. OptForce can also be used to find pairs of reactions 

that will lead to an over-producing strain in the sense that either one or the other 
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reaction flux must increase or decrease but not necessarily both reactions must 

increase or decrease in value[20]. Since MoMA was used (as described above) to 

determine gene deletions, only MUSTU sets are reported for the over-production 

outcomes of the target natural products.  

Media Formulations 

Computational studies were conducted with glucose and glycerol uptake rates 

set at 3 mmol gDCW-1 h-1 and an oxygen uptake rate set at 8 mmol gDCW-1 h-1 , chosen 

based upon experimental carbon and O2 uptake rates in a chemostat system under 

glucose-limited conditions[110, 111]. The medium composition also contained the 20 

naturally occurring amino acids (L-isomers) with uptake rates set to 0.1 mmol gDCW-1 h-

1, the value experimentally observed for most amino acids[112]. For 6dEB and 

erythromycin D production, propionate uptake was set at 0.1 mmol gDCW-1 h-1, which is 

slightly higher than the experimentally-observed rate[113, 114]  with the logic that the 

erythromycin pathway could be better analyzed with a greater rate of propionate uptake 

and 6dEB formation. 

For the media optimization analyses, a Plackett and Burman[93] design of 

experiments was conducted to determine the components most contributing to 

production. For this, glucose and glycerol uptake rates were both set at 0.1 mmol 

gDCW-1 h-1, thereby, providing minimal carbon sources for the production of natural 

products and allowing the components tested to have a more pronounced effect on 

production. The expected result is a more efficient and robust screening process as 

those components that contribute to production will have a prominent effect, which may 

have been obscured if carbon intake rates were set to a higher level. Only amino acids 
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necessary for the production of certain compounds were set to a specific flux value. 

Specifically, L-cysteine and L-methionine uptake rates were set to 0.1 mmol gDCW-1 h-1 

for Ybt production analyses. No amino acids flux rates were initially input for the other 

natural products. 

The Plackett and Burman design of experiments was carried out by first selecting 

seven components of interest (including amino acids, carbon sources, and other 

nutrients) denoted as C1-C7 (Table 3.1). Eight different production scenarios denoted 

as 1-8 were established by changing the uptake rates from a minimum value of 0.1 

(denoted by a ‘-’ condition) to a maximum value of 3 (denoted as a ‘+’ condition). FBA 

was then run with the objective function being the compound of interest to produce a 

flux for the desired natural product in each separate production scenario case. The 

effect of each component was calculated by taking the sum of the positive conditions 

(denoted by a ‘+’ condition) and corresponding flux values and subtracting the sum of 

the negative conditions (denoted by a ‘-’ condition) and corresponding flux values and 

then dividing by the total number of media compositions. 

𝐸𝑓𝑓𝑒𝑐𝑡 =
(∑ 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑠−∑ 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑠)𝑛

𝑖=1
𝑛
𝑖=1

𝑛𝑡𝑜𝑡𝑎𝑙
              (5) 

 The components were then screened in each group of seven based upon the 

calculated effect on production that each component had by using the following formula 

 𝑚𝑒𝑎𝑛 + 0.75 ∗ 𝑆𝐷                                             (6)  

Where mean is the average flux value of the group and SD is the standard 

deviation of the group flux value. 
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 C1 C2 C3 C4 C5 C6 C7 
1 + - - + - + + 
2 + + - - + - + 
3 + + + - - + - 
4 - + + + - - + 
5 + - + + + - - 
6 - + - + + + - 
7 - - + - + + + 
8 - - - - - - - 

 + 3      

 - 0.1      

Table 3.1 Plackett and Burman screening matrix. Plus and minus conditions indicate 
uptake rates in (mmol/gDCW*h).  C1 through C7 denote component 1 through 7 and 1-
8 denote 8 different media formulations based upon differences in uptake rate. 

 

3.1.3 Results and Discussion 

Single Gene Deletions 

Single gene deletions were performed using MOMA[16] to predict mutants 

capable of increasing production of the natural products featured in this study. The 

objective function encompassed both the biomass flux and the flux of the natural 

product of interest. Slow growing mutants (defined as mutants that had a growth rate 

less than 0.15 hr-1) were screened and removed from analysis. The top 25 gene 



49 
 

deletions for each respective product were then analyzed for increased product 

formation (Figure 3.1), though no targets were identified for erythromycin D.  

 

 

Figure 3.1 A) Gene deletion targets for respective heterologous products (6dEB, Ybt, 

SAG [left to right]) identified using MOMA. Flux values are in mmol gDCW
-1
 hr

-1
 and represent 

compound flux after the deletion. No deletion targets were identified for erythromycin D. B) 

6dEB deletions under richer medium and culture conditions 

 

For 6dEB production, the deletion of ace and sdh genes resulted in the largest 

increase in product flux values. In a separate study, MoMA identified sdhABCD and 

aceEF deletions capable of increasing NADPH flux within E. coli[115], overlapping with 
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targets of 6dEB biosynthesis. Since six NADPH molecules are needed for one molecule 

of 6dEB, such targets could conserve NADPH for increased support of 6dEB formation. 

The sdhA and argH genes encode for the reactions succinate+α 

ubiquinone→fumarate+ubiquinol and succinate+L-arginino-succinate↔L-

arginine+fumarate, respectively. The succinate metabolite associated with the sdhA and 

argH deletions is linked to succinyl-CoA, which can be transformed to (2R)-

methylmalonyl-CoA and then to (2S)-methylmalonyl-CoA and subsequently to 6dEB 

(Figure 3.2). 

Figure 3.2. 6dEB and erythromycin biosynthesis. Select deletions have been indicated 

that increase the production of 6dEB. Amino acid pathways that support precursor production 

have also been indicated. 
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No gene deletions were found for erythromycin D. This can be explained by the 

complex mechanisms that are needed to produce erythromycin D. FBA was performed 

for both dTDP sugars and all erythromycin derivatives. The prime bottleneck for 

erythromycin B production appears to be the conversion of 6dEB to erythronolide B and 

the second bottleneck is the production of dTDP-β-L-mycarose. Gene deletions were 

found for 6dEB and the dTDP sugar production pathway; however, these would be de-

prioritized relative to erythronolide B as the limiting intermediate prior to 3-α-

mycarosylerythronolide B and to erythromycin D formation. 

Ybt flux increased the most with the deletions of leu and lys. The increase in 

production by deleting leuA (and argA) can be explained by the consumption of acetyl-

CoA (3-methyl-2-oxobutanoate+acetyl-CoA+H2O→(2S)-2-isopropylmalate+CoA+H+ and 

L-glutamate+acetyl-CoA↔N-acetyl-L-glutamate+CoA+H+, respectively), which would 

otherwise be converted to malonyl-CoA in the biosynthetic support network for Ybt 

formation (Figure 3.3). The increase in Ybt production cannot be readily explained by 

the deletion of lysA, encoding a diaminopimelate decarboxylase, that is responsible for 

the last step in the conversion of L-aspartate to L-lysine and is described by the 

equation: meso-diaminopimelate+H+→L-lysine+CO2. Meso-diaminopimelate is not a 

compound directly linked to precursors in Ybt formation. One explanation for this 

deletion and its effect could be the relationship within the L-aspartate super pathway 

(discussed in detail in the media formulation section below) and how carbon flow could 

then influence metabolites such as SAM and NAD+/NADPH as substrates of Ybt.  
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Figure 3.3. SAG and Yersiniabactin biosynthesis. Gene deletions and over-expressions 
(bold) have been highlighted that increase salicylate, L-cysteine, and malonyl-CoA 
formation, and amino acid medium components that support substrate formation have 

also been included. 
 

Deletions of glutamine transporters encoded by glnH, glnP, and glnQ slightly 

improved the flux of SAG. These genes are described by the reaction 

ATP+H2O→ADP+phosphate+H+, which facilitate the movement of L-glutamine from the 

periplasm into the cytosol. The effect on SAG flux can be explained by the conservation 

of ATP which is used in a range of cellular processes but more importantly is directly 
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used to convert α-D-glucose into α-D-glucose-6-phosphate, which will then be 

transformed into α-D-glucose-1-phosphate and subsequently into UDP-α-D-glucose 

(Figure 3.3). Interestingly, MoMA did not predict the gene deletions of pheA or tyrA 

which were previously implemented experimentally to increase SAG production[106]. 

The gene pheA encodes prephenate dehydratase and is part of the phenylalanine 

biosynthesis pathway that uses chorismate to produce L-phenylalanine. The gene tyrA 

encodes a chorismate mutase for the conversion of chorismate to phrenate, which can 

then be utilized both in L-phenylalanine and L-tyrosine biosynthesis. Both of these 

genes reduce chorismate levels which is a key precursor to salicylate production. Our 

group was able to produce SAG at a titer of ~2.5 g/L with these genes knocked out. 

When the genes were deleted and analyzed by FBA, no difference in biomass flux or 

SAG flux were observed for the single deletion. When a double deletion of pheA and 

tyrA was performed, the same result was observed. This can be further explained by 

examining the reactions that are constrained when a gene is deleted and the 

corresponding flux the reaction carries before and after deletion. In both cases, the 

reactions that were coded for pheA and tyrA carried no flux (as a function of the chosen 

objective function). Furthermore, this explains why there was no effect on the SAG flux 

value since no flux values changed in the specific set of reactions that were removed. 

This highlights a shortcoming of using FBA to model a biological system in that a 

computational deletion will only be successful if the reaction that codes for the deletion 

carries some initial flux, which is dictated by an imposed objective function that may or 

may not fully capture the actual biological situation. 
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Different uptake rates were tested in an effort to determine if there would be any 

difference in the deleted genes found to influence production. The glucose and glycerol 

uptake rates were set at 10 mmol gDCW-1 h-1 and the oxygen uptake rate was set at 20 

mmol gDCW-1 h-1 while the amino acids were maintained at an uptake rate of 0.1 mmol 

gDCW-1 h-1. Results for 6dEB showed some interesting changes in target hierarchy 

such that now gene deletions for gdhA, aspC, icd, tpiA, and ace provided the largest 

five changes in 6dEB flux value, respectively (Figure 3.1B). Glutamate dehydrogenase 

(encoded by gdhA), described by the equation L-glutamate+ NADP+ + H2O ↔ 

ammonium+2-oxoglutarate+NADPH+H+, uses NADPH that could otherwise be 

incorporated into 6dEB. The gene for aspartate aminotransferase (aspC) results in the 

utilization of 2-oxoglutarate from the TCA cycle which will reduce the amount of 

methylmalonyl-CoA (via succinyl-CoA) available to produce 6dEB (Figure 3.2). Even 

with this change to conditions, no new gene deletions were found for erythromycin D or 

SAG. For Ybt, deletions in leu and lys still yielded the largest change in product flux, 

and the Ybt flux values determined from the gene deletions exhibited a smaller spread 

relative to that observed for the more minimal medium uptake rate conditions.  

 

OptForce to Identify Over-expressions 

OptForce was used to predict over-expression mutants for each of the target 

natural products[20], and MUSTU sets are reported in Table 3.2. Dual entries can be 

read as one gene or another, highlighting the fact that the reaction can be associated 

with both genes and that over-expressing either improves flux. The MUSTU set returned 

an array of reactions which were then mapped to genes and reported for this analysis. 
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The gene over-expression targets that influence pathways associated with precursor 

support are reported as “near pathway,” and genes that do not directly influence 

precursor support are referred to as “far pathway.” 

 

Table 3.2. Table of gene over-expression targets to increase the production of 6-dEB, 
erythromycin D, Ybt and SAG. Over-expressions denoted as “near pathway” are related 
to precursor production while over-expresssions denoted as “far pathway” do not 
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directly influence precursor production. No “near pathway” over-expressions were found 

for 6dEB or erythromycin D. 
No near pathway over-expressions were found for 6dEB; however, some far 

pathway targets were identified. The genes associated with outer membrane porins 

PhoE, OmpF, OmpN, and OmpC serve 271 different transport functions in model 

IJO1366. These porins are responsible for transporting many different types of 

compounds with the potential to influence higher 6dEB flux. Nucleoside transporters 

encoded by nupG or nupC are responsible for transporting 11 different nucleosides from 

the periplasm to the cytosol. Some nucleosides do appear to have a positive impact on 

the flux values of 6dEB and erythromycin D such as cytidine and uridine, based upon 

our assessment of different medium components (Figure 3.4).  

For Ybt production, the over-expression targets serA/serB/serC and glyA will 

increase serine production which will subsequently be converted to L-cysteine for 

biosynthetic incorporation. The cysC/cysN/cysD/cysl/cysJ targets are within the L-

cysteine metabolic pathway and will directly increase precursor flux. The purA-M, adk, 

and prs results are part of the super-pathway of histidine, purine, and pyrimidine 

biosynthesis, leading to an increase in ADP and ATP production. ADP reacts with S-

NADPHX to produce the NADPH precursor; whereas, ATP is important for many 

cellular processes but can also be used to produce SAM according to the following 

reaction: ATP+L-methionine+H2O→SAM+diphosphate. The glnA/puuA targets can also 

improve the production of ADP and subsequently NADPH. In an overlap with SAG 

biosynthesis, tktA/tktB can improve production of the salicylate precursor. The zwf and 

gnd genes fall within the glycolysis and/or the Entner-Doudoroff pathway/pentose 

phosphate pathways capable of increasing the flux of NADPH and salicylate; both 
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genes would make excellent over-expression targets since two of the precursors 

needed to produce Ybt can be over-produced at the same time. The pgk gene is part of 

gluconeogenesis 1 pathway and can also increase the production of precursors related 

to salicylate production. Both pgl and rpe are part of the pentose phosphate pathway 

and can improve flux to D-erythrose 4 phosphate, which will subsequently be shuttled 

through the shikimate pathway to produce salicylate.  

Increasing SAG production will rely directly on salicylate and UDP-α-glucose flux. 

Some over-expression results have already been explored experimentally for salicylate 

production, such as the engineered upregulation of aroL, tktA, and ppsA to achieve a 

salicylate production titer of 1.2 g/L[116]. These and other over-expressions affect the 

shikimate pathway which, in similar support of Ybt biosynthesis, produces the salicylate 

precursor (Figure 3.4). The genes mdh, pgK, and ppsA are part of the gluconeogenesis 

pathway which improves flux to D-glucose 6-phosphate for support of salicylate 

formation (via the pentose phosphate and shikimate pathways) or UDP-α-D-glucose 

conversion. The genes gpmM or gpmA are part of the glycolysis pathway from glucose 

6-phosphate, and these over-expression targets can increase the production of D-

glucose-6-phosphate, which can then be channeled to produce salicylate or UDP-α-D-

glucose. The tktA or tktB genes are connected to the pentose phosphate pathway, 

which when over-expressed will increase the production of D-erythrose 4-phosphate to 

be utilized in the shikimate pathway to produce salicylate.    

Medium Component Determination 

There are many different experimental designs and optimization techniques 

available to enhance medium composition with approaches that include full factorial, 
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partial factorial, Plackett and Burman, central composite, and Box-Behnken, each with 

the goal of a minimum number of experimental combinations required to obtain 

improved production metrics[117]. Without such methodologies, a trial-and-error-based 

experimental route to medium optimization would be prohibitively time and cost 

consuming. A benefit of using FBA is that all reactions within the cell tie together 

metabolites and medium components within the stoichiometric model. Thus, using FBA 

in combination with a design of experiments approach allows a computational screening 

of amino acids, carbon sources, gas exchange, and vitamins for the purpose of 

heightened level of economic medium optimization. Components that are determined to 

have a positive effect on production can then be tested experimentally. 

A Plackett and Burman (P-B) screening methodology, which we have used 

previously in experimental efforts to optimize medium formulations for 6dEB and Ybt 

[91, 93, 107],  was used to screen roughly 100 components in conjunction with FBA. 

Seven components at a time were cycled through until all selected medium components 

had been tested, and Table 1 outlines the general screening matrix utilized. This 

screening methodology then produced carbon sources and amino acids that most 

contributed to production (Figure 3.4).  

From all graphs, it can be seen that maltohexaose and maltopentaose had the 

largest effect on production. This can be explained by the increase in carbon character 

from the usual carbon source of glucose (six carbons per molecule) to 36 and 30 

carbons per molecule for maltohexaose and maltopentaose, respectively. Next, lactose 

and trehalose showed increases in production for all small molecule natural products, 

which can be explained by having 12 carbons per molecule. In a comparative sense, 
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maltohexaose and maltopentaose are both expensive compounds and are not 

economical for cell culture, making an alternative like lactose a much better choice for 

increased production efforts.  

 

Figure 3.4. Media component results using a Plackett and Burman experimental design 
coupled to FBA for A) carbon sources and B) amino acids. The effect value of a medium 
component should only be compared with other medium component effect values for a 
given compound, since the determined effect is relative to other components for each 
respective compound. 

 

From the analysis, the amino acids that effect 6dEB production include L-

arginine, L-aspartate, L-glutamine, L-glutamate, L-proline, L-prolinylglycine, and L-

threonine. L-arginine can be converted into succinate via the super pathways of L-

arginine and L-ornithine degradation for subsequent conversion into succinyl-CoA 

through the TCA cycle. Similarly, L-aspartate can be converted into oxaloacetate or 
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degraded into fumarate which can then be converted into succinyl-CoA. L-proline can be 

catabolized to L-glutamate and then converted to L-aspartate and formate which then 

enters the TCA cycle. L-glutamine can directly be converted to L-glutamate. L-threonine 

is first degraded to 2-oxobutanoate and then to propionyl-CoA which can be directly 

incorporated into 6dEB (Figure 2). Experimentally our group has already confirmed the 

influence of L-glutamine and L-threonine on the production of 6dEB[91]. L-threonine has 

also been reported to be a source of propionyl-CoA in Streptomyces fradiae and 

methylmalonyl-CoA for Streptomyces coelicolor[118, 119]. 

   For erythromycin D production, the amino acids and vitamins that had the 

greatest effect on production were L-asparagine, L-aspartate, L-glutamate, L-glutamine, 

L-proline, and L-threonine, and vitamin C. L-aspartate, L-glutamate, L-glutamine, and L-

threonine effects, linked to 6dEB biosynthesis, have already been explained above. L-

asparagine can be degraded to L-aspartate, following the same pathway to the TCA 

cycle, and L-proline similarly degrades to L-glutamate. For dTDP-β-L-mycarose and 

dTDP-desosamine production, SAM is an important reactant that takes part in the 

conversion of some intermediaries. The SAM metabolite could be produced by the 

degradation of L-aspartate as mentioned below. L-glutamate is used in two steps for 

intermediates in the production of dTDP-D-desosamine. One of the steps is described 

by the equation: dTDP-4-dehydro-6-deoxy-α-D-glucopyranose+L-glutamate→ dTDP-

viosamine+2-oxoglutarate. Both L-glutamine and L-aspartate are also needed to 

produce dTTP a necessary precursor to the formation of both dTDP sugars. 

For Ybt production, L-aspartate, L-glutamine, L-proline, L-threonine, L-cysteine, 

and vitamin C all had a strong effect. L-aspartate is an important amino acid building 
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block that is used to produce many other amino acids in the aspartate super pathway. 

From L-aspartate, NAD+, L-lysine, L-threonine, L-homoserine, L-cystathionine, L-

homocysteine, L-methionine (and from L-methionine, S-adenosyl-L-methionine) can be 

produced. This is important since one amino acid can yield two Ybt precursors: S-

adenosyl-L-methionine and NAD+ (later phosphorylated into NADP+ via NAD kinase 

NadK and then converted to NADPH). L-glutamine can be catalyzed to L-glutamate and 

then to L-aspartate via aspartate transaminase AspC and then follow the course of 

precursor production outlined above. Similarly, L-proline can be converted to L-

glutamate via proline dehydrogenase PutA. L-threonine can be degraded to 

methylglyoxal which then follows the super pathway of methyglyoxal degradation to 

pyruvate and transformation to acetyl-CoA and eventually malonyl-CoA to be 

incorporated into Ybt. Of the amino acids predicted, L-glutamine, L-proline, L-threonine, 

and L-cysteine have been experimentally confirmed to have a strong effect on Ybt 

production[107]. For SAG production, L-arginine, L-aspartate, L-asparagine, L-glutamine, 

L-glutamate, L-threonine, L-proline all had a strong effect. The amino acids L-glutamine 

and L-aspartate are used in the superpathway of pyrimidine ribonucleotides de novo 

biosynthesis and contribute to the production of UTP a key precursor to UDP-α-D-

glucose.  Shikimate, a direct precursor to salicylate, showed the fifth largest effect on 

SAG production after maltohexaose, maltopentaose, lactose, and trehalose. 

Conclusion 

A great benefit of FBA is the ability to computationally analyze many diverse 

metabolites and reactions coupled to complementary strain engineering algorithms and 

medium component methodologies to predict optimal target compound production. In 
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this study, we combined an array of FBA-based approaches to model gene 

deletions/over-expressions and media components predictive of improved production 

across a range of valuable and structurally/biosynthetically diverse natural product 

compounds. For each respective compound selected, multiple computational cellular 

targets (gene deletions or over-expressions) were identified. The results derive from 

fundamental mass balance concepts, combined with constraint-based linear 

programing, to economically predict optimal cellular performance. In combination with 

other economy-based optimization strategies (i.e., Plackett and Burman statistical 

design of experiments), the modeling was extended to process engineering medium 

optimization prediction. The next step would be to experimentally implement the targets 

and solutions resulting from the enclosed analysis and use the resulting feedback to 

adjust model parameters as needed for more accurate future applications.    

 

 

 

 

 

 

 



63 
 

Chapter 4: Yersiniabactin Metal Binding Characterization and Removal 

of Nickel from Industrial Wastewater 

4.1 Metal Binding Characterization 

 4.1.1 Introduction 

Metals within wastewater released into the environment from electroplating, metal 

finishing, and other heavy manufacturing processes can build to toxic levels within many 

life forms. A common removal technique is to increase the alkalinity to induce metal 

precipitation[120]. This method works to an extent; however, there remain dissolved 

metals in solution that should be treated either to stay within environmental regulatory 

compliance or to recover the metals for potential re-use[121]. Our recent application of 

the natural product yersiniabactin (Ybt) offers an alternative method to remove metals 

from wastewater in a way that does not rely on harsh chemicals, membranes, or reductive 

electrolysis[122]. In addition, Ybt offers the option of adsorbing to and enhancing metal-

removal resins. 

Ybt is currently reported to bind Al3+, Cr2+, Co2+, Cu2+, Ga3+, Fe3+, and Ni2+ [9, 10]. 

It is also hypothesized to bind zinc, though no confirmatory mass spectrometry data has 

been presented[10, 123, 124]. In previous work from our group, Ybt has been applied to 

bind metal compounds from solid surfaces and liquid samples in the context of iron and 

copper removal, respectively[89, 125]. For the latter effort of aqueous stream metal 

removal, the Ybt compound was non-covalently adsorbed to polymeric resin (XAD-16N, 

henceforth referred to as Ybt-XAD) to facilitate the heterogeneous interaction with liquid 

samples.  
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However, little information exists on the full range and quantitative degree of metal 

binding possible with the Ybt compound. Hence, in this study, we characterized the 

binding potential of Ybt across a wide range of metal targets. Isotherm modeling then 

determined the maximum amount of metal removed using modified Ybt-XAD resin, and 

a kinetics experiment determined removal dynamics from a solution containing nine 

different metals. Finally, in an effort to extend the utility of Ybt-XAD in a realistic setting, 

batch wastewater treatment demonstrated nickel removal from industrial effluent provided 

by nearby Precious Plate, Inc, a metal plating company located in Niagara Falls, NY. 

4.1.2 Materials and Methods 

Materials 

 All metal salts were purchased from Fisher Scientific. Chromium(II) chloride, 

gallium(III) nitrate hydrate, nickel(II) nitrate hexahydrate, iron(III) chloride hexahydrate, 

magnesium sulfate, cobalt(II) chloride, and zinc chloride were used to make metal 

standards. XAD-16N resin and ICP-AES metal standards for palladium, copper, and 

aluminum were acquired from Sigma-Aldrich.  

Bacterial Strains and Production Media 

 Strains BAP1(pBP198/pBP200/pBP205) with 1 mM of exogenously added 

salicylate and BAP1(pBP198/pBP205/pMKA-11/pMKA-20) were used for Ybt 

production[11, 12]. Ybt produced from BAP1(pBP198/pBP200/pBP205) was used to 

conduct the isotherm analysis while Ybt produced from BAP1(pBP198/pBP205/pMKA-

11/pMKA-20) was used for metal removal experiments. 6 mg/L and 30 mg/L of Ybt was 

produced from each strain respectively. Plasmid culture selection was maintained with 
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100 μg/mL ampicillin, 50 μg/mL kanamycin, 20 μg/mL chloramphenicol, and 50 μg/mL 

streptomycin, as needed. 

From respective strain glycerol stocks, overnight starter cultures were grown in 

liquid lysogeny broth (LB) medium at 37°C and 325 rpm. Production cultures were 

inoculated with 1% v/v of the overnight culture and contained M9 medium consisting of 

12.8 g/L Na2HPO4-7H2O, 3 g/L K2HPO4, and 1 g/L NH4Cl supplemented with 4 g/L 

casamino acids and 10 g/L glycerol. The production culture was incubated at 30°C and 

325 rpm until an OD600  of 0.4-0.6 was reached, which prompted the addition of 100 μm 

IPTG (gene expression induction) and 1 mM L-cysteine (biosynthetic supplementation). 

After which, the culture was continued for five days at 22°C and, prior to the adsorption 

of Ybt on XAD resin, 1 mL of acetone was added per 50 mL of medium.  All culture media 

were prepared with Milli-Q water. 

Ybt-XAD Resin Generation 

According to the manufacturer, Sigma-Aldrich Amberlite® XAD-16N can be used 

to remove hydrophobic compounds up to 40,000 MW and has an average surface area 

of 900 m2/g, an average pore diameter of 100 Angstroms, a nominal mesh size of 20 to 

60, and a pore volume of 1.82 mL/g. 

Amberlite® XAD-16N was activated by first washing with methanol and then 

washing with Milli-Q water three times prior to use. Twenty grams of resin was added to 

a 500 mL Ybt production culture (within a 1 L Erlenmeyer flask) on the fifth day and was 

incubated for six hours. Afterwards, the resin was separated from the culture using a 

stainless steel single mesh strainer and washed five times with Milli-Q water. Ybt 

previously has shown excellent stability on the XAD resin[125]. 
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LC-MS Analysis of Titer and Metal Binding 

Large scale (500 mL) cultures were extracted twice with an equal volume of ethyl 

acetate each time prior to concentrated in vacuo on a rotary evaporator to a final volume 

of ~1 mL, which was then used as a basis to purify Ybt-metal complexes for use as 

analytical standards. Prior to LC analyses, 1 mL of acetone was added per 50 mL of 

culture and FeCl3 was added to a final concentration of 3 mM to all cultures. Purified Ybt-

metal complexes were achieved using an Agilent 1200 preparatory HPLC system 

equipped with a Waters C18, 5 µm, 300 Å, 3.9 × 150 mm ID column. A 1 mL/min flow rate 

was used with 10-100% acetonitrile (balance water) gradient over 30 minutes. Collected 

fractions containing Ybt-Fe3+ were quantified at 385 nm using the known extinction 

coefficient of Ybt-Fe3+ (ε=2,884 M-1cm-1)[87]. A calibration curve was then constructed 

and used to quantify Ybt titers for the subsequent isotherm analysis of Ybt adsorption to 

XAD.   

 Cultures (8 mL within 15 mL culture tubes) were centrifuged and supernatant 

decanted into a 15 mL Falcon tube; after which, air was used to evaporate the supernatant 

to 4 mL and concentrate Ybt. This method of concentration was used since the standard 

method of ethyl acetate extraction followed by concentration in vacuo on a rotary 

evaporator and suspension in methanol results in mostly metal-complexed Ybt. Metals 

were added to the supernatant at a final concentration of 2 mM, and the mixture was 

incubated for 6 hours at 25°C and 400 rpm, followed by an additional 24-48 hours without 

shaking at 4°C to facilitate metal binding. Our binding analysis assumed a 1:1 

complexation between Ybt and a given metal, and we did not observe any alteration (i.e., 

1:2, 2:1. etc.) from this expected complex.  
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  An API 3000 Triple Quad MS with turbo ion source (PE Sciex) attached to a 

Shimadzu Prominence LC was used for LC-MS analysis. The MS analyses were 

performed in positive ion mode, and the chromatography was performed on a Waters X 

Terra C18 column (5 µm, 2.1 mm × 250 mm). After an injection of 4 µL of culture 

supernatant, LC-MS was conducted as a gradient of 5%-95% acetonitrile (balance water) 

with 0.1% formic acid included in all solutions over 18 min at a flow rate of 0.2 mL/min.   

ICP-AES Analysis for Metal Removal  

  A Thermo Scientific iCAP Inductively Coupled Plasma Absorption Emission 

Spectroscopy (ICP-AES) instrument was used to analyze metal concentrations. Samples 

included laboratory water samples mixed with metal standards and industrial effluent 

wastewater provided by Precious Plate, Inc., Niagara Falls, NY (with the industrial water 

samples adjusted to pH 7.4).    

The amount of Ybt-XAD was varied from 0.1 to 0.5 g in 50 mL Falcon tubes with 

15 mL of metal solution for the isotherm analysis. For the wastewater samples, the Ybt-

XAD resin was varied from 0.1 to 0.9 g in 50 mL Falcon tubes with 20 mL of wastewater 

solution. All samples were incubated at 450 rpm at 25°C for 90 minutes after which the 

solutions were centrifuged in an Eppendorf 5810 centrifuge at 4000 rpm for 10 minutes. 

Resulting samples (10 mL) were adjusted to 1% nitric acid concentration prior to ICP-

AES analysis.  

Statistical Evaluation of Results 

 Error bars represent standard deviation values. Metal binding experiments 

were conducted a minimum of three times per metal to confirm bound Ybt complexes. 

Isotherm analysis and wastewater metal removal experiments were completed using two 



68 
 

replicates; each palladium removal experiment was completed with three replicates. To 

assess the removal of palladium from laboratory water and nickel from industrial 

wastewater, a one-way ANOVA with 𝛼 = 0.05 was used to compare the results from metal 

removal between the XAD resin alone and the modified Ybt-XAD resin; for all masses of 

Ybt-XAD, a p-value less than 0.05 resulted indicating that the results were statistically 

significant from the control. 

4.1.3 Results and Conclusions 

Comprehensive Metal Binding Analysis 

Transition metals, post-transition metals, and alkali metals of the periodic table 

were tested to determine the extended binding capability of Ybt. Solution-phase metal 

binding was determined via LC-MS by scanning for the expected parent m/z ratio and a 

characteristic 187 neutral loss fragment that this metal-binding compound has been 

previously shown to exhibit[9, 10]. Using the characteristic 187 neutral loss, Ybt was 

determined to bind palladium (586.1/398.9; Figure 4.1), zinc (544.2/357.2; Figure 4.2), 

and magnesium (504.2/317.0; Figure 4.3) in addition to the other metals (Al3+, Cr2+, Co2+, 

Cu2+, Ga3+, Fe3+, and Ni2+) previously confirmed. Aluminum was detected in the 

background solution for the Ybt-magnesium complex; as such, both Ybt-Mg2+ and Ybt-

Al3+ co-eluted at the same time (Figure 3). Ybt-Pd2+ and Ybt-Zn2+ eluted as distinct peaks 

at 6.38 and 6.17 minutes, respectively, while the co-elution of Ybt-Al3+ and Ybt-Mg2+ 

occurred at 6.39 minutes. It is important to note that the Ybt-Pd2+, Ybt-Zn2+, and Ybt-Mg2+ 

peaks were observed on the third, fourth and fifth trials respectively of their associated 

metal binding experiments. Other metals tested that did not show binding included: Li+, 
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Na+, K+, Be2+, Ca2+, Ba2+, Sc3+, Y3+, Ti3+, V3+, Ce4+, Mo6+, Mn2+, Ru3+, Rh3+, Pt2+, Ag2+, 

Au3+, Cd2+, Hg2+, In2+, Ti3+, Ge2+, Sn4+, Pb2+, and As3+.  

 

Figure 4.1: A: Mass spectra of Ybt-Pd2+ with characteristic peak at 586.1 m/z 

(other peaks result from isotopes of palladium). B: MS/MS fragmentation of Ybt-

Pd
2+

(586.1/398.9) showing characteristic 187 neutral loss 
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Figure 4.2. A: Mass spectra of Ybt-Zn2+ with peaks 544.3, 546.0, and 548.2 m/z showing 

Ybt bound to zinc isotopes with masses 64, 66, and 68 in roughly a 49:28:19 ratio. The 

peaks at 566.2, 568.3, and 570.1 m/z represent Ybt-Zn2+ with a sodium adduct. B: MS/MS 

fragmentation of Ybt-Zn
2+

(544.2/357.2). 
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Figure 4.3.  A: Mass spectra of Ybt-Mg
2+ 

(504.1) and Ybt-Al
3+

 (506.1). B: MS/MS 

fragmentation of Ybt-Mg
2+

(504.2/317.0). C: MS/MS fragmentation of Ybt-Al
3+ 

(506.2/319.0). Here, aluminum was a background metal within the solution tested for 

magnesium binding. 
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In total, the 10 metals for which Ybt demonstrates affinity emphasize the extended 

binding range for this siderophore compound. From an application viewpoint, the 

compound now offers a broader range of metal retrieval opportunities. However, the 

knowledge gained from the binding experiments presented above does not provide 

insight into the degree of binding. Hence, the next round of experiments quantified binding 

extent to the metals identified above.   

Metal Binding Kinetics Experiment 

To enable a more quantitative assessment of the binding capability of Ybt, the 

compound was adsorbed to XAD resin prior to kinetic and isotherm analyses. A kinetics 

experiment measured the length of contact time required between the metal solution and 

Ybt-XAD with the goal of identifying the required time to assure final binding. Two grams 

of Ybt-XAD resin were introduced into a 1 L solution adjusted to a pH of 7.5 containing 

approximately 2 ppm each of aluminum, cobalt, chromium, copper, iron, gallium, 

magnesium, nickel, and zinc. Sampling over a 180 min period identified the contact time 

when metal removal plateaued, which was determined to be 90 minutes. As such, all 

future binding and metal removal experiments were evaluated at this contact time.  

 Metal Binding Isotherms 

Adsorption isotherms were used to characterize the adsorption of metals from 

solution. Although isotherms do not characterize binding strength for the ligand and metal 

they provide important information in regard to the amount of metal that can be removed 

from solution. Freundlich, Langmuir, and Redlich-Peterson isotherm parameters were 
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then determined to quantify the degree of Ybt-metal binding [35, 126-129]. The Freundlich 

isotherm is defined as follows: 

 𝑞𝑒 = 𝑘 ∗ 𝐶𝑒
1/𝑛

            (1) 

where 𝑞𝑒 is the solid phase sorbate concentration (mg/g), 𝐶𝑒 is the liquid phase sorbate 

concentration (mg/L), 𝑘 is the Freundlich constant (mg/L), and (1/n) is the heterogeneity 

factor[127]. The Redlich-Peterson (R-P) isotherm is a combination of Freundlich and 

Langmuir isotherms defined as: 

 𝑞𝑒 =
𝐾𝑟𝐶𝑒

1+𝛼𝑟𝐶𝑒
𝛽     (2) 

where 𝑞𝑒 is the solid phase sorbate concentration (mg/g), 𝐶𝑒 is the liquid phase sorbate 

concentration (mg/L), 𝐾𝑟 and 𝛼𝑟 are constants that are determined from the equation and 

have units of (L/g) and (L/mg), respectively, and 𝛽 is unit-less with a value between 0 and 

1. When 𝛽 = 1, the R-P isotherm simplifies to the Langmuir isotherm. The parameters for 

the Freundlich, Langmuir, and Redlich-Peterson isotherms were determined using a 

minimization routine with an objective function. The objective function used was the sum 

of the square errors: 

SSE=∑ (𝑞𝑖,𝑐𝑎𝑙𝑐 − 𝑞𝑖,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑)
𝑝
𝑖=1

2
      (3) 

The optimization was performed in python 3.5 with Sequential Linear Least Squares 

Programming (SLQSP) minimization algorithm where 𝛽 was constrained between 0 and 

1. Table 1 presents the parameter values. The 𝑞𝑚𝑎𝑥 term is the maximum amount of solid 

sorbate per gram of resin calculated as follows for both the Langmuir and Redlich-

Peterson isotherms: 



74 
 

 𝑞𝑚𝑎𝑥 =
𝐾

𝛼
                   (4) 

This parameter determined the metal affinity for the Ybt-XAD system (Table 4.1).  

 

 

 

 

 

 

Table 4.1 Freundlich, Langmuir, and Redlich-Peterson isotherm parameters and 

calculated qmax (qm) values for Ybt-XAD 

The XAD resin alone negligibly adsorbed metals with the exception of palladium, 

which showed significant adsorption. Thus, two different isotherm analyses were 

conducted for palladium to 1) calculate the parameters associated with the cumulative 

effects of both the resin and Ybt and 2) correct for the contributions from the XAD resin 

and produce an isotherm that only considers Ybt-Pd2+ binding (Table 4.2). The Freundlich 

isotherm did not fit the Zn and uncorrected Pd binding, so the values for the 𝑘 and 𝑛 

parameters are 0. The corrected Ybt-Pd2+ isotherm  𝑞𝑚𝑎𝑥 value was compared against 

the other metals. From this analysis, the metals showing the highest affinity for removal 

are listed in the following order based on their 𝑞𝑚𝑎𝑥 values: 𝐹𝑒(𝐼𝐼𝐼) > 𝐺𝑎(𝐼𝐼𝐼) > 𝑁𝑖(𝐼𝐼) >

𝐶𝑢(𝐼𝐼) > 𝐶𝑟(𝐼𝐼) ≈ 𝑍𝑛(𝐼𝐼) > 𝐶𝑜(𝐼𝐼) > 𝑃𝑑(𝐼𝐼) > 𝑀𝑔(𝐼𝐼) > 𝐴𝑙(𝐼𝐼𝐼). However, the Ybt-XAD 

system has the highest potential to remove palladium based on the uncorrected 𝑞𝑚𝑎𝑥 

value of 0.68 mg/g. 
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Table 2. Freundlich, Langmuir, and Redlich-Peterson isotherm parameters and 

calculated qmax (qm) for Ybt-Pd (when using Ybt-XAD). Ybt-Pd represents the parameters 

calculated from the cumulative effects of both the XAD resin and Ybt; whereas, Ybt-Pd* 

represents the parameters calculated from only the contribution of adsorbed Ybt. 

The R-P isotherm provides the best model for the data in general since three 

parameters are fit in comparison to only two parameters fit by the Langmuir and 

Freundlich isotherms. Figure 4 shows graphs of the isotherms for nickel and gallium and 

demonstrates that different metals have different binding characteristics. Namely, the 

nickel isotherm is Langmuir in nature since 𝛽 was determined to be 1 from the R-P 

isotherm; hence, in Figure 4.4A, the fit from the Langmuir and R-P isotherms are 

indistinguishable from one another. In Figure 4.4B, the isotherm for gallium is linear in 

nature, indicating the Freundlich and R-P isotherms fit well. The R-P isotherm is able to 

capture both Langmuir and Freundlich models as well as data that falls in between these 

two isotherms. The ability to capture this broad adsorption behavior, in turn, yields a more 

accurate 𝑞𝑚𝑎𝑥 value.  
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Figure 4: A: Nickel binding isotherm. B: Gallium binding isotherm. 

Palladium Removal 

Palladium is an important precious metal that is used in various industries due to 

its catalytic properties[130]. For example, palladium acts as a catalyst for a myriad of 

reactions such as hydrogenation, amine-arylation, alcohol arylation, and the water-gas 

shift and cross-coupling reactions[131-135]. Palladium is a necessity in many industries 

to produce needed and value-added chemicals such as synthetically-derived natural 

products including alkaloids, terpenoids, pesticides, and anti-inflammatory agents[136-

138]. Hence, the conservation and recovery of palladium represents both an 

environmental concern and economic opportunity. 
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XAD and Ybt-XAD were used to test palladium removal from laboratory water. 

Using the isotherm analysis outlined previously, it was determined that XAD-16N resin 

can be loaded with a maximum of 7.6 mg Ybt/g resin.  Milli-Q water (15 mL) containing 

palladium at a final concentration of 5.6 ppm was incubated with 0.1 and 0.2 grams of 

XAD and Ybt-XAD. The percent metal removal was calculated using the following 

formula: %𝑟𝑒𝑚𝑜𝑣𝑎𝑙 =
(𝐶𝑖−𝐶𝑓)

𝐶𝑖
× 100, where Ci is the initial metal concentration and Cf is 

the final metal concentration. Ybt helped enhance removal of palladium by 20% and 13% 

for both respective masses (Figure 4.5); however, as noted earlier, XAD resin alone 

showed substantial background adsorption of Pd.   

 

Figure 4.5: Palladium removal from Milli-Q water. *indicates statistical significance 

(p<0.05) 
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Industrial Wastewater Metal Removal  

 A “heavy metal” is defined as a metal that has a density greater than 4 g/cm3 and 

is toxic in minute quantities[139]. Although nickel is not often thought of as a heavy metal, 

it meets these specifications[140]. Nickel is released into the environment primarily from 

metal plating industries, mining operations, sewage, and from phosphate fertilizers and 

pesticides[141]. There is a need to remove nickel from these waste streams in order to 

reduce subsequent environmental impact. 

In this study, wastewater obtained from Precious Plate, Inc., a local metal plating 

company, was treated with Ybt-XAD to assess the ultimate utility of the metal removal 

capabilities of Ybt. Precious Plate wastewater contained the metal content displayed 

within Table 4.3. Batch studies combined Ybt-XAD resin from 0.1-0.9 grams with 20 mL 

wastewater for metal removal.  

 

Table 4.3 Precious Plate, Inc. wastewater composition for metals capable of binding to Ybt. 

From Figure 4.6, a 40-60% increase in nickel removal is observed from the 

application of Ybt-XAD. In contrast, Ybt-XAD did not remove more magnesium than the 

control, which can be explained by the relatively low 𝑞𝑚𝑎𝑥 value of 0.02 mg/g and, hence, 

low affinity. In contrast, Ybt-XAD has a greater 𝑞𝑚𝑎𝑥 value of 0.073 mg/g for nickel. In 

order for magnesium removal to be achieved, additional treatment would likely need to 

be completed where higher affinity metals (like nickel) are removed first prior to the 

removal of such lower affinity metals. Alternatively, in order to determine the limitations 
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of Ybt-XAD for selectively removing nickel (or other target metals), future tests would 

need to commence with samples containing greater concentrations of competing metals. 

In summary, the range of metals capable of being removed, the removal of low 

concentrations of metal species, and the demonstration of utility with metal-laden 

industrial wastewater indicates that Ybt-XAD can function similarly and perhaps surpass 

the capabilities of commercial resins currently used in wastewater metal treatment 

applications. 

 

Figure 4.6: Removal of nickel from Precious Plate, Inc. industrial wastewater 

using Ybt-modified XAD resin (Ybt-XAD). *indicates statistical significance (p<0.05). 
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Chapter 5: Continuous Removal of Copper, Magnesium, and Nickel from 

Industrial Wastewater Utilizing the Natural Product Yersiniabactin Immobilized 

within a Packed-bed Column 

5.1 Continuous Removal of Copper, Magnesium and Nickel utilizing 

Ybt 

 5.1.1 Introduction 

Metal-laden wastewater discharged from manufacturing processes, such as those 

associated with electroplating and metal finishing industries, poses a threat to the 

environment if not properly treated[142]. There are many different techniques used to 

treat wastewater in order to reduce the metal content. One common technique involves 

the increase of wastewater pH to an alkaline level in order to induce metal 

precipitation[120]. Although this method reduces wastewater metal content, the solid 

sludge that results will require further treatment. Furthermore, not all metal will be 

removed from the water stream, leading to issues of environmental contamination, 

inefficient use of raw materials (through effluent loss), or both. Another common 

technique is the use of polymeric resins, activated carbon, or alternative matrices to 

adsorb metals in solution[142-145]. After which, the adsorbing material is processed 

(usually in a destructive manner) to recover metals that possess economic value. The 

drawback of this method is the recurring expense of a non-recyclable metal removal resin. 

In this work, we present the utilization of the metal-binding natural product yersiniabactin 

(Ybt) in the removal of metals from wastewater[11, 125]. More specifically, we adsorb Ybt 

to a polymeric resin (XAD-16N) and test the resulting matrix (Ybt-XAD) for the removal of 

metal from wastewater samples from a local metal plating company.   
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In this study, a continuous flow packed-bed column prototype utilizing Ybt-XAD 

was assessed in the removal of Cu2+, Mg2+, and Ni2+ from Precious Plate, Inc. industrial 

wastewater. Experiments were conducted in successively larger columns (2.5×10, 5×30, 

and 5×50 cm) (Figure 5.1), scaling prototype systems 20- and 60-fold by volume and 

mass, respectively, relative to previous work by our group[125].  The column design was 

tested across pH variation and regenerative formats including the use of Thomas and 

dose response models to characterize metal removal from solution. Column capacity for 

each metal was also determined for the 2.5×10 cm column configuration. 

 

Fig. 5.1. Column sizes and scale-up for the immobilized Ybt-XAD packed-bed prototype. 
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5.1.2 Materials and Methods 

 Materials 

XAD-16N resin and copper, magnesium, and nickel calibration curve standards 

were purchased from Sigma-Aldrich. All bacterial culture medium reagents and laboratory 

water solution materials (metals, acids, and bases) were purchased through Sigma-

Aldrich and Fisher Scientific. The metal salts used to generate aqueous solutions included 

nickel nitrate hexahydrate, cupric sulfate pentahydrate, and magnesium chloride; HCl, 

HNO3, H2SO4, and NaOH were used to adjust the pH of the solutions. 

Bacterial culture production medium formulations 

The production medium for the E. coli bacterial cultures required to generate Ybt 

contained the following components: 12.8 g/L Na2HPO4・7H2O, 6 g/L Na2HPO4, 3 g/L 

KH2PO4, 0.5 g/L NaCl, 1 g/L NH4Cl, 4 g/L glycerol, 8 g/L glucose, 1 g/L yeast extract, 3 

g/L casamino acids, 0.2 g/L each of L-Ala, L-Gln, L-Pro, L-Ser, L-Thr, L-Trp, and 0.25 g/L 

of L-Cys. The medium without glucose and amino acids was autoclaved while these 

components were filter-sterilized and then added separately using aseptic technique. 

E. coli Ybt production strain 

E. coli strain BAP1(pBP198/pBP205/pMKA-11/pMKA-20) was used for all Ybt 

production experiments. The BAP1 strain contains plasmids pBP198 and pBP205 which 

encode the HWMP1, HWMP2, YbtU, and YbtE proteins required for Ybt biosynthesis 

while the pMKA-11 and -20 plasmids contain the additional irp9, metK, and accA,B,C,D 

genes which encode for endogenous salicylate production, improved SAM flux, and 

increased malonyl-CoA flux within the cell, respectively[12, 88, 90]. Culture plasmid 

selection was maintained with 100 μg/mL ampicillin, 50 μg/mL kanamycin, 20 μg/mL 
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chloramphenicol, and 50 μg/mL streptomycin. Overnight 40 mL starter cultures from 

BAP1(pBP198/pBP205/pMKA-11/pMKA-20) glycerol stocks (stored at -80°C) were 

incubated at 37°C and 325 rpm in lysogeny broth and used to inoculate 1.5 L production 

cultures for incubation at 30°C and 325 rpm until an OD600nm of 0.4-0.7, which prompted 

the addition of 100 µM of isopropyl β-D-1-thiogalactopyranoside (IPTG) to induce gene 

expression. After this, the culture was incubated at 22°C and 325 rpm for 5 days, at which 

point a sample was taken for LC-MS analysis after acetone was added (1 mL per 50 mL 

culture). Next, 100 grams of XAD-16N resin was added to the 1.5 L culture and incubated 

for 24 hours. The Ybt-XAD resin was then isolated by filtering the culture supernatant 

using a metal strainer and washed three times with Millipore water. 

 LC-MS analysis 

Acetone (1 mL per 50 mL of culture) and FeCl3 (3 mM) were added to completed 

500 mL Ybt production cultures (using conditions described above) prior to two 

successive, equal-volume ethyl acetate extractions. The combined solvent extract was 

then concentrated in vacuo on a rotary evaporator to a final volume of ~1 mL as a basis 

to purify Ybt-metal complexes for use as analytical standards. Purified Ybt-metal 

complexes were achieved using an Agilent 1200 preparatory HPLC system equipped with 

a Waters C18, 5 µm, 300 Å, 3.9 × 150 mm ID column. A 1 mL/min flow rate was used 

with 10-100% acetonitrile (balance water) gradient over 30 minutes. Collected fractions 

containing Ybt-Fe3+ were quantified at 385 nm using the known extinction coefficient of 

Ybt-Fe3+ (ε=2,884 M-1cm-1)9. The Ybt titer quantified from the 1.5 L production cultures 

was ~35 mg/L. 

 Ybt-XAD columns for metal removal and water sample analysis 
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Bio-Rad chromatography columns were used as the housing for Ybt-XAD during 

metal removal experiments; 2.5×10, 5×30, and 5×50 cm columns were packed with 17, 

390, and 600 g of Ybt-XAD resin, respectively, and used for the wastewater metal removal 

and column modeling experiments. Millipore water was pumped through each column for 

15 minutes prior to the wastewater metal removal experiments. Unless otherwise 

indicated, the flow rate and temperature used for the metal removal experiments was 10 

mL/min and 25°C. For wastewater analysis, packed-bed column inlet and outlet samples 

were filtered (0.2 μm) and adjusted to 1% nitric acid concentration prior to Inductively 

Coupled Plasma Absorption Emission Spectroscopy (ICP-AES) assessment (Thermo 

Scientific iCAP ICP-AES) with commercial metal standards used to generate calibration 

curves. Total alkalinity was determined by an acid titration and conductivity was measured 

from a Vernier conductivity meter. Total organic carbon was measured using TOC-VCSH 

analyzer. NH3 concentration was measured by using the Nitrogen, Ammonia-Salicylate 

Method (method 8155). NO2- was measured by using a Sulfanilamide/N-(1-

Naphthyl)ethylenediamine Dihydrochloride reagent in which 0.4 mL was added to a 10 

mL sample and then after 10 minutes the absorbance was read at 543 nm. 

Metal selectivity and pH variation 

Metal solutions (30 mL; pH 5) were generated with Millipore water containing a 

mixture of Cu2+, Mg2+, and Ni2+ at concentrations of 6.9, 6.3, and 5.7 ppm, respectively, 

and 0.5, 1.0, 1.5, and 2.0 grams of Ybt-XAD resin were added in successive experiments. 

In separate experiments, resin (0.3 g) was added to 30 mL of copper, magnesium, and 

nickel Millipore water solutions (each containing a single metal) at pH values of 3, 5, and 

7; the copper concentration was 6.2 ppm while the magnesium and nickel concentrations 
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were 4.6 and 4.9 ppm, respectively. For the acid variation experiments, copper-bound 

Ybt-XAD samples (0.3 g) were exposed to 30 mL of different acid solutions (HNO3, 

H2SO4, and HCl; formed by adding 5 ml of each acid to 200 ml of Millipore water, resulting 

in a solution pH of 1.5-2). For each experiment above, incubation conditions were 400 

rpm at 25°C for 90 minutes. After the incubation period, water samples were adjusted to 

1% nitric acid and analyzed by ICP-AES.   

 Experimental repitition 

Industrial wastewater and laboratory aqueous solution metal removal, pH variation, 

and metal selectivity data are presented as the average of duplicate experiments as are 

results from the column and batch metal recovery experiments. Data presented in Table 

5.1 was collected from triplicate readings. Measures of error represent standard deviation 

values.  

 

 

 

Table 1. Precious Plate wastewater composition at pH 9. 

 

 

 

 

 

 

 

 

Cu2+ (ppm) Mg2+ (ppm) Ni2+ (ppm) 
0.24 +/- 0.04 1.72 +/- 0.40 0.35 +/- 0.05 
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5.1.3 Results and Discussion 

Industrial wastewater metal removal  

 Precious Plate wastewater (provided at pH=9) was used to test for the metal 

removal of copper, magnesium, and nickel with Ybt-XAD resin at different scales of a 

packed-bed continuous column configuration.  Driving these experiments was the desire 

to more thoroughly test, analyze, and compare the results of the Ybt-activated XAD resin 

in configurations likely to support the final water polishing steps prior to industrial 

wastewater effluent release.  Hence, results would then further assess the unique natural 

product metal binding properties of Ybt in a more realistic setting of application while also 

building upon traditional unit operations for chemical engineering separation processing.  

 Typical effluent copper, magnesium, and nickel compositions within wastewater 

provided by Precious Plate is presented in Table 5.1. The wastewater was analyzed for 

total organic carbon content, NO2
-, and NH3, with concentrations of 22,910 mg/L, 5.92 

mg/L, and 4.78 mg/L, respectively. The conductivity and total alkalinity were determined 

to be 6,550 µS/cm and 840 mg/L, respectively. The wastewater was then pumped through 

the continuous packed-bed column configurations for 240 minutes (considered one cycle) 

and % soluble metal removal was calculated from an average of two experimental cycles 

(Figure 5.2). In general, as column size and Ybt-XAD resin packing amount increased, 

the percent metal removal improves (especially in the case of copper). 
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Fig. 5.2. Soluble metal removed from wastewater across 2.5×10 cm (A), 5×30 cm (B), 

and 5×50 cm (C) column systems with regeneration allowing two cycles of use. Time is 

in minutes. 

After one cycle, columns were regenerated with a Millipore water stream at pH 2 

for 15 minutes and then rinsed for 15 minutes with Millipore water at pH 7; the lower pH 

exposure has previously proven effective in column regeneration[125, 146]. A second 

cycle was then completed and the results from both cycles were compared. As shown in 

Figure 5.2, the metal removal from the second cycle typically matched the removal 

capability of the first cycle, and in certain instances, an improvement in performance was 

observed (particularly in the cases of the 5×30 and 5×50 cm columns).  At one level, this 
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illustrates the regenerative capacity of the Ybt-XAD resin in the application of metal 

removal from industrial wastewater streams. From a separate perspective, the 

improvement in metal removal between cycles is thought to be the result of the 

regeneration step liberating the full capacity of immobilized Ybt, which is adsorbed with a 

fraction of the total Ybt molecules chelating metals from the bacterial production process. 

Thus, the second cycle would then have a higher capacity for metal removal, leading to 

improved performance. 

The average metal removal percent and absolute metal removed from the 

wastewater for both cycles was calculated for each packed-bed column (Table 5.2). For 

copper removal, a clear trend emerges between larger column size and greater copper 

removal. For magnesium and nickel, the largest % removal is observed with the 5×30 cm 

column, and a relatively small drop in the % removal is observed with the 5×50 cm system. 

Average Percent Removal  Metal Removed 

  Cu (%) Mg ( %) Ni (%) Cu (mg removed) Mg (mg removed) Ni (mg removed) 

2.5x10 cm 33.92 29.26 33.18 0.20 1.21 0.28 

5x30 cm  54.25 62.56 60.78 0.31 2.58 0.51 

5x50 cm 72.14 52.89 40.10 0.42 2.18 0.34 

 

Table 5.2. Average metal removed per column from each cycle. 

Based upon the academic cost, we estimate that XAD resin is $0.27 per gram, 

which will certainly be more expensive compared to alternative organic-based resins such 

as activated carbon.  However, an advantage in using the Ybt-XAD system is 

regeneration capacity, which would lower the overall system cost per cycle of repeated 

use.  Table 5.3 provides an additional comparison of the Ybt-XAD system to other options 

reported in the literature, with key elements of the enclosed technology being the 

regenerability and the broad metal binding capacity of the Ybt natural product.   
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Metal Removal Technique Metal Binding Mechanism  Metals Removed Reference 
Ybt modified resin Chelation Cu(II), Mg(II), Ni(II) This Study 

Magnetic graphene oxide 
Surface complexation with functional 

groups Pb(II), Cd(II), Cu(II) Huang et al [147] 

Ultrafiltration using sodium 
polyacrylate 

Complexation with functional groups 
on water-soluble membrane Ni(II) Gao et al [148] 

Mesoporous composite adsorbent Chelation Ni(II) Shahat et al [149] 
Functionalization of 

polyacrylonitrile/Na-Y-zeolite 
composite 

 Surface complexation with functional 
groups  Cu(II), Cd(II), Pb(II) Elwakeel et al [150] 

Sandwich-like graphene oxide 
composite  

 Surface complexation with functional 
groups Cu(II) Kong et al [151] 

 

Table 5.3. Comparison of other metal removal technologies. 

Assessment across pH variation and Ybt-XAD metal selectivity  

 Metal removal was tested at different pH values. Specifically, individual metal 

solutions at pH 3, 5, and 7 were tested for removal via Ybt-XAD. Only neutral and acidic 

pH values were tested since metals precipitate from solution at more alkaline pH levels 

[142], thereby, lowering the total soluble content in solution and complicating accurate 

measurements of metal removal by Ybt-XAD. (In experiments above, Precious Plate 

samples provided at pH 9 were treated with the Ybt-XAD technology to assess metal 

removal capacity using unmodified industrial wastewater effluent; however, the samples 

were filtered to remove any precipitated metal species.) There were non-significant 

differences in metal removal across pH values for nickel and magnesium; whereas, 

copper removal at pH 5 and 7 was greater relative to nickel and magnesium removal and 

to removal attempts at pH 3 (Figure 5.3A). Differences in metal removal relative to data 

presented in Table 5.2 (using Precious Plate wastewater) likely reflect the variation in pH 

values and metal concentration between the two experimental situations. 
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Fig. 5.3. Batch metal removal (A) and recovery (B and C) across pH or acid variation and 

Ybt-XAD metal selectivity (D). 

Resin was collected from the metal removal pH variation experiments at pH 3, 5, 

and 7 (Figure 5.3A) and tested for metal recovery at different pH values. The resins for 

each respective metal were mixed and rinsed with Millipore water and stripping was 

conducted to determine which pH value removes the maximum amount of metal.  

Recovery varied across metals and pH (Figure 5.3B); maximum copper stripping 

occurred at pH 2 while both nickel and magnesium showed little variation throughout the 

pH range and a reduced recovery relative to Cu2+. Comparing Figures 5.3A and 5.3B, 

copper (and to a lesser extent nickel) removal improves from pH 3 to pH 7; whereas, 

metal recovery shows a reverse trend with increasing pH. These results are in agreement 

with pH affecting the chelation properties of Ybt such that reduced pH values alter metal 



91 
 

binding, thus, reducing removal capacity and allowing for metal recovery and Ybt-XAD 

packed-bed column regeneration. In Figure 5.3C, HNO3, H2SO4, and HCl were tested to 

determine if any difference in metal recovery from copper-bound Ybt-XAD resulted when 

using different acids; however, no significant difference in metal stripping was observed. 

Separately, selectivity values were determined (Figure 5.3D) by taking the change 

in concentration of one metal and dividing it by the change in concentration of the other 

metals. From this analysis, the affinity order is Cu2+>Ni2+>Mg2+, which overlaps with a 

previous isotherm analysis of Ybt-XAD metal binding in which copper and nickel were 

identified as having higher affinity relative to magnesium[152]. Though in this previous 

analysis, which only tested Ybt-XAD binding of metals in isolation, Ni2+ showed a higher 

affinity than Cu2+. 

Using information from Figure 3 as a basis, we returned to treatment of Precious 

Plate wastewater using the 2.5×10 cm Ybt-XAD column operated at a pH 5 (conditions 

best for copper removal [Figure 5.3A]). However, when adjusting the industrial 

wastewater to pH 5 (from pH 9), metal solubility variations resulted in content levels of 

0.3, 8.0, and 6.7 ppm for Cu2+, Mg2+, Ni2+, respectively. Upon six cycles of treatment, 

metal content was reduced to 0.07, 7.6, and 5.2 ppm for Cu2+, Mg2+, Ni2+, respectively, 

highlighting copper removal selectivity. 

Column capacity modeling 

To better characterize the column performance observed experimentally, we 

modeled capacity for the three metals within the wastewater samples tested in this study. 

Column capacity yields important information on removal potential from solutions 
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containing metal content, thus, providing valuable insight on the future utility of Ybt-XAD 

in similar metal removal applications.  

The column capacity, 𝑞𝑐 (mg), for a given inlet concentration and flow rate is 

equivalent to the area under the curve of adsorbed metal concentration vs. time[153], 

where 𝐶𝑖 and 𝐶𝑒 (mg/L) are the column inlet and effluent metal ion concentrations, 

respectively. The column capacity is calculated as follows: 

𝐶𝑎𝑑𝑠 = 𝐶𝑖 − 𝐶𝑒      (1) 

𝑞𝑐 =
𝑄𝐴

1000
=

𝑄

1000
∫ 𝐶𝑎𝑑𝑠𝑑𝑡
𝑡=𝑡

𝑡=0
                       (2) 

Where Q is the flow rate (mL/min), A is the area under the breakthrough curve, and t (min) 

could represent total, exhaustion, saturation, or breakthrough time. The 2.5×10 cm 

column had the largest capacity for copper in this three metal system (2.2 mg) compared 

to 0.13 mg for magnesium and 2.0 mg for nickel. The column capacity modeling shows 

that Ybt-XAD has the highest capacity for copper and nickel removal, making it a selective 

resin for the removal of these two metals. The column capacity of 0.13 mg for magnesium 

is low when compared to the 1.21 mg removed from the industrial wastewater analysis 

(Figure 5.2 and Table 5.2). This can be explained by the selectivity of Ybt towards copper 

and nickel before magnesium is removed, thereby, reducing the magnesium column 

capacity value. In the industrial wastewater experiments, samples contain relatively low 

concentrations of nickel and copper when compared to magnesium, which explains the 

higher level of magnesium removed in this case. The column modeling, however, shows 

that more copper and nickel can be removed from solution before all three metals saturate 

the column. The column capacity for each respective metal would also be higher if tests 
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were conducted to assess individual metal column capacity without the complexity of 

metal selectivity; this will be the topic of another study. 

Fixed-bed biosorption process modeling 

In an effort to better understand column dynamics, biosorption process models 

were applied to the 2.5×10 cm column, with application to the larger columns through 

scaling of column capacity. In a continuous biosorption system, the concentration profile 

of the liquid and adsorbent phases vary both spatially and temporally[154]. Mathematical 

and quantitative modeling approaches can inform design and optimization of packed-bed 

column operation utilizing behavior described by breakthrough curves. These models 

provide important resin capacity information, which can be applied to streamline metal 

removal and column regeneration processes.  In particular, knowing when to regenerate 

the column is crucial in order to maximize metal removal and recovery. 

Two models have been applied to predict breakthrough performance and column 

capacity constants[154, 155]: 

the Thomas model: 

𝐶

𝐶𝑖
=

1

1+exp[(
𝑘𝑡ℎ
𝑄
)(𝑞𝑡ℎ𝑀−𝐶𝑖∗(

𝑄

1000
)∗𝑡)]

                           (3); 

where 𝑘𝑡ℎis the Thomas rate constant (mL/(mg×min)) and 𝑞𝑡ℎ is the maximum adsorption 

capacity for metal ions (mg/g), and 

the dose response model: 

𝐶

𝐶𝑖
= 1 −

1

1+(
𝐶𝑖𝑄𝑡

𝑞𝑑𝑟𝑀∗1000
)𝑎

                                       (4); 

where 𝑞𝑑𝑟 is the maximum sorption capacity of metal ions (mg/g) and 𝑎 is a constant. The 

parameter values from the modeling and column capacity are shown in Table 5.4.  
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Table 5.4. Biosorption modeling column parameters 

 

 A Millipore aqueous solution of copper, nickel, and magnesium with 1 g/L of NaCl 

added was passed through the column at a pH of 6.5. The laboratory water solution 

contained copper, nickel, and magnesium at concentrations of 2.3, 4.6, and 0.31 ppm, 

respectively, and resulting breakthrough curves (Figure 5.4A) were used to model the 

2.5×10 cm column behavior. The coefficients were calculated in Python 3.6 using a 

nonlinear fitting routine[152]. The maximum adsorption capacity for copper predicted by 

the Thomas and dose response models, 0.11 and 0.10 mg/g, respectively, are in good 

agreement with each other and the column capacity value of 2.2 mg. These models were 

able to accurately predict the breakthrough performance of copper in this three metal 

system. The 0.01 mg/g for magnesium also corresponded well with the capacity of 0.13 

mg in this three metal system that contained higher copper and nickel concentrations. 

Both the Thomas and dose response models failed to predict nickel breakthrough 

performance with accuracy as the 0.03 and 0.01 mg/g capacities were different from the 

column capacity of 2 mg when both values were multiplied by the 17 g of resin used to 

pack the column. 

              Thomas   Dose Response 

Metal Size Mass 
Q 

(ml/min) pH 
Column Capacity 

(mg)   kth qth (mg/g)   a qd-r (mg/g) 

Cu 2.5X10 17 10 6.5 2.2  8.01 0.12  1.77 0.10 
Mg 2.5X10 17 10 6.5 0.13  0.01 0.01  0.42 0.01 
Ni 2.5X10 17 10 6.5 2.0  24.2 0.03  0.56 0.01 
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 The effect of flow rate on the adsorption profile was explored using the 2.5×10 cm 

column. Experiments were completed using laboratory water containing 2 ppm copper at 

flow rates of 10, 20, and 30 mL/min (Figure 5.4B). An increase in flow rate causes 

breakthrough to occur more quickly as observed particularly in the 30 mL/min 

breakthrough curve. 

 

Fig. 5.4. Breakthrough curves for the 2.5×10 cm column operated with either the three 

metal system at a flow rate of 10 mL/min (A) or with copper at flow rates of 10, 20, and 

30 mL/min (left to right; B). Time is in minutes; C is outlet concentration and Ci is inlet 

concentration.   

 The Thomas and dose response models helped characterize breakthrough 

performance and maximum adsorption capacity of the resin, and the adsorption capacity 
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values can be multiplied by the amount of resin in the 5×30 and 5×50 cm columns to 

determine associated column capacities. The predicted 5×30 and 5×50 cm column 

capacities for copper are 46.8 and 72.0 mg, respectively, using the 0.12 Thomas 𝑞𝑡ℎ 

value. The predicted 5×30 and 5×50 cm column capacities for magnesium are 3.9 and 

6.0 mg, respectively. Since neither model predicted nickel adsorption, maximum resin 

adsorption was calculated from the 2.5×10 cm nickel column capacity: 2 mg Ni2+/17 g 

resin = 0.12 mg Ni2+/g resin. Using this value, calculated capacities for the 5×30 and 5×50 

cm columns are 46.8 and 72.0 mg Ni2+, respectively. The higher copper and nickel 

capacities for the 5×30 and 5×50 cm columns illustrate the utility of using Ybt-XAD in 

removal processes for these particular metals.  

Conclusion 

Ybt-XAD has been successfully used in a continuous column process for the 

removal of metals (Cu2+, Ni2+, and Mg2+) from industrial wastewater. Regeneration 

through pH adjustment extends the capacity of the Ybt-XAD resin to remove metals from 

solution and demonstrates effectiveness in metal removal between column re-use. 

Removal selectivity and a resin recovery preference for copper was observed across pH 

variation. Column modeling predicted capacity of all three columns with enhanced 

removal for copper and nickel for the 5×30 and 5×50 cm columns. The column system 

was also modeled by the Thomas and dose response models, which further supported 

preferential copper removal. In summary, the assessment and parameterization methods 

utilized in this study provide a deeper level of quantification to a water treatment unit 

operation dependent upon the natural product metal binding capabilities of Ybt. 

 



97 
 

References 

1. Zhang, H., et al., Complete biosynthesis of erythromycin A and designed analogs using E. coli as a 
heterologous host. Chemistry & biology, 2010. 17(11): p. 1232-1240. 

2. Ajikumar, P.K., et al., Isoprenoid pathway optimization for Taxol precursor overproduction in 
Escherichia coli. Science, 2010. 330(6000): p. 70-74. 

3. Raymond, K.N., E.A. Dertz, and S.S. Kim, Enterobactin: An archetype for microbial iron transport. 
Proceedings of the National Academy of Sciences, 2003. 100(7): p. 3584-3588. 

4. Kontoghiorghes, G.J. and A. Kolnagou, Molecular factors and mechanisms affecting iron and 
other metal excretion or absorption in health and disease. The role of natural and synthetic 
chelators. Current Medicinal Chemistry, 2005. 12(23): p. 2695-2709. 

5. Boukhalfa, H. and A.L. Crumbliss, Chemical aspects of siderophore mediated iron transport. 
Biometals, 2002. 15(4): p. 325-339. 

6. Johnstone, T.C. and E.M. Nolan, Beyond iron: non-classical biological functions of bacterial 
siderophores. Dalton Transactions, 2015. 44(14): p. 6320-6339. 

7. Martin, R., et al., Transferrin binding of Al3+ and Fe3+. Clinical chemistry, 1987. 33(3): p. 405-
407. 

8. Bearden, S.W., J.D. Fetherston, and R.D. Perry, Genetic organization of the yersiniabactin 
biosynthetic region and construction of avirulent mutants in Yersinia pestis. Infection and 
Immunity, 1997. 65(5): p. 1659-1668. 

9. Chaturvedi, K.S., et al., The siderophore yersiniabactin binds copper to protect pathogens during 
infection. Nature Chemical Biology, 2012. 8(8): p. 731-736. 

10. Koh EI, H.C., Parker KS, Crowley JR, Giblin DE, Henderson JP Metal selectivity by the virulence-
associated yersiniabactin metallophore system. Metallomics, 2015: p. 1011-1022. 

11. Pfeifer, B.A., et al., Biosynthesis of Yersiniabactin, a complex polyketide-nonribosomal peptide, 
using Escherichia coli as a heterologous host. Applied Environmental Microbiology 2003: p. 
6698-6702. 

12. Ahmadi, M.K. and B.A. Pfeifer, Improved Heterologous Production of the Nonribosomoal 
Peptide-Polyketide Siderophore Yersiniabactin through Metabolic Engineering and Induction 
Optimization. Biotechnol Prog 2016. 32: p. 1412-1417. 

13. Suo, Z.C., H.W. Chen, and C.T. Walsh, Acyl-CoA hydrolysis by the high molecular weight protein 1 
subunit of yersiniabactin synthetase: Mutational evidence for a cascade of four acyl-enzyme 
intermediates during hydrolytic editing. Proceedings of the National Academy of Sciences of the 
United States of America, 2000. 97(26): p. 14188-14193. 

14. Orth, J.D., I. Thiele, and B.Ø. Palsson, What is flux balance analysis? Nature biotechnology, 2010. 
28(3): p. 245-248. 

15. Monk, J.M., et al., Genome-scale metabolic reconstructions of multiple Escherichia coli strains 
highlight strain-specific adaptations to nutritional environments. Proceedings of the National 
Academy of Sciences, 2013. 110(50): p. 20338-20343. 

16. Segre, D., D. Vitkup, and G.M. Church, Analysis of optimality in natural and perturbed metabolic 
networks. Proceedings of the National Academy of Sciences, 2002. 99(23): p. 15112-15117. 

17. Burgard, A.P., P. Pharkya, and C.D. Maranas, Optknock: a bilevel programming framework for 
identifying gene knockout strategies for microbial strain optimization. Biotechnology and 
bioengineering, 2003. 84(6): p. 647-657. 

18. Lun, D.S., et al., Large‐scale identification of genetic design strategies using local search. 
molecular systems biology, 2009. 5(1): p. 296. 



98 
 

19. Pharkya, P. and C.D. Maranas, An optimization framework for identifying reaction 
activation/inhibition or elimination candidates for overproduction in microbial systems. 
Metabolic engineering, 2006. 8(1): p. 1-13. 

20. Ranganathan, S., P.F. Suthers, and C.D. Maranas, OptForce: an optimization procedure for 
identifying all genetic manipulations leading to targeted overproductions. PLoS computational 
biology, 2010. 6(4): p. e1000744. 

21. Xu, P., et al., Genome-scale metabolic network modeling results in minimal interventions that 
cooperatively force carbon flux towards malonyl-CoA. Metabolic engineering, 2011. 13(5): p. 
578-587. 

22. Trinh, C.T., A. Wlaschin, and F. Srienc, Elementary mode analysis: a useful metabolic pathway 
analysis tool for characterizing cellular metabolism. Applied microbiology and biotechnology, 
2009. 81(5): p. 813. 

23. Jones, M.M., Design of New Chelating-Agents for Removal of Intracellular Toxic Metals. 
Coordination Chemistry, 1994. 565: p. 427-438. 

24. Moore, M.R., P.A. Meredith, and A. Goldberg, Lead and heme biosynthesis. Lead toxicity, 1980: 
p. 79-117. 

25. Górska, A., A. Sloderbach, and M.P. Marszałł, Siderophore–drug complexes: potential medicinal 
applications of the ‘Trojan horse’strategy. Trends in pharmacological sciences, 2014. 35(9): p. 
442-449. 

26. Kontoghiorghes, G., et al., The design and development of deferiprone (L1) and other iron 
chelators for clinical use: targeting methods and application prospects. Current medicinal 
chemistry, 2004. 11(16): p. 2161-2183. 

27. Galanello, R., Deferiprone in the treatment of transfusion-dependent thalassemia: a review and 
perspective. Therapeutics and Clinical Risk Management, 2007. 3(5): p. 795-805. 

28. Kontoghiorghes, G.J., New concepts of iron and aluminium chelation therapy with oral L1 
(deferiprone) and other chelators. A review. Analyst, 1995. 120(3): p. 845-851. 

29. Neufeld, E.J., Oral chelators deferasirox and deferiprone for transfusional iron overload in 
thalassemia major: new data, new questions. Blood, 2006. 107(9): p. 3436-3441. 

30. Davis, B.A. and J.B. Porter, Long-term outcome of continuous 24-hour deferoxamine infusion via 
indwelling intravenous catheters in high-risk β-thalassemia. Blood, 2000. 95(4): p. 1229-1236. 

31. Kontoghiorghes, G.J., et al., Transfusional iron overload and chelation therapy with 
deferoxamine and deferiprone (L1). Transfusion science, 2000. 23(3): p. 211-223. 

32. Callender, S. and D. Weatherall, Iron chelation with oral desferrioxamine. The Lancet, 1980. 
316(8196): p. 689. 

33. Kontoghiorghes, G., R. Marcus, and E. Huehns, Desferrioxamine suppositories. The Lancet, 1983. 
322(8347): p. 454. 

34. Kontoghiorghes, G., New orally active iron chelators. The Lancet, 1985. 325(8432): p. 817. 
35. Hider, R.C. and T. Zhou, The design of orally active iron chelators. Annals of the New York 

Academy of Sciences, 2005. 1054(1): p. 141-154. 
36. Tolley, K., et al., Cost effectiveness of deferasirox compared to desferrioxamine in the treatment 

of iron overload in lower-risk, transfusion-dependent myelodysplastic syndrome patients. Journal 
of medical economics, 2010. 13(3): p. 559-570. 

37. Cappellini, M.D., et al., Tailoring iron chelation by iron intake and serum ferritin: the prospective 
EPIC study of deferasirox in 1744 patients with transfusion-dependent anemias. haematologica, 
2010. 95(4): p. 557-566. 

38. Roberts, E.A. and M.L. Schilsky, Diagnosis and treatment of Wilson disease: an update. 
Hepatology, 2008. 47(6): p. 2089-2111. 



99 
 

39. Wiggelinkhuizen, M., et al., Systematic review: clinical efficacy of chelator agents and zinc in the 
initial treatment of Wilson disease. Alimentary pharmacology & therapeutics, 2009. 29(9): p. 
947-958. 

40. Wilson, S.K., Progressive lenticular degeneration: a familial nervous disease associated with 
cirrhosis of the liver. The Lancet, 1912. 179(4626): p. 1115-1119. 

41. Merle, U., et al., Clinical presentation, diagnosis and long-term outcome of Wilson’s disease: a 
cohort study. Gut, 2007. 56(1): p. 115-120. 

42. Bull, P.C., et al., The Wilson disease gene is a putative copper transporting P–type ATPase similar 
to the Menkes gene. Nature genetics, 1993. 5(4): p. 327-337. 

43. Walshe, J., Penicillamine, a new oral therapy for Wilson's disease. The American journal of 
medicine, 1956. 21(4): p. 487-495. 

44. Walshe, J., Treatment of Wilson's disease with trientine (triethylene tetramine) dihydrochloride. 
The Lancet, 1982. 319(8273): p. 643-647. 

45. Brewer, G.J., et al., Treatment of Wilson disease with ammonium tetrathiomolybdate: IV. 
Comparison of tetrathiomolybdate and trientine in a double-blind study of treatment of the 
neurologic presentation of Wilson disease. Archives of neurology, 2006. 63(4): p. 521-527. 

46. Brewer, G.J., The treatment of Wilson's disease. Advances in experimental medicine and biology, 
1999. 448: p. 115-126. 

47. Huster, D., Wilson disease. Best practice & research Clinical gastroenterology, 2010. 24(5): p. 
531-539. 

48. Schilsky, M.L., Treatment of Wilson’s disease: what are the relative roles of penicillamine, 
trientine, and zinc supplementation? Current gastroenterology reports, 2001. 3(1): p. 54-59. 

49. Suttle, N., Reducing the potential copper toxicity of concentrates to sheep by the use of 
molybdenum and sulphur supplements. Animal Feed Science and Technology, 1977. 2(3): p. 235-
246. 

50. Brewer, G.J., et al., Treatment of Wilson's disease with tetrathiomolybdate: V. Control of free 
copper by tetrathiomolybdate and a comparison with trientine. Translational Research, 2009. 
154(2): p. 70-77. 

51. Sears, M.E., Chelation: harnessing and enhancing heavy metal detoxification—a review. The 
Scientific World Journal, 2013. 2013. 

52. Yorifuji, T., et al., Long-term exposure to methylmercury and psychiatric symptoms in residents of 
Minamata, Japan. Environment international, 2011. 37(5): p. 907-913. 

53. Needleman, H., Lead poisoning. Annu. Rev. Med., 2004. 55: p. 209-222. 
54. Laidlaw, M.A., et al., Children’s blood lead seasonality in flint, Michigan (USA), and soil-sourced 

lead hazard risks. International journal of environmental research and public health, 2016. 
13(4): p. 358. 

55. Bellinger, D.C., Lead contamination in Flint—an abject failure to protect public health. New 
England Journal of Medicine, 2016. 374(12): p. 1101-1103. 

56. Hanna-Attisha, M., et al., Elevated blood lead levels in children associated with the Flint drinking 
water crisis: a spatial analysis of risk and public health response. American journal of public 
health, 2016. 106(2): p. 283-290. 

57. Flora, S., et al., Arsenic induced oxidative stress and the role of antioxidant supplementation 
during chelation: a review. Journal of Environmental Biology, 2007. 28(2): p. 333. 

58. Hall, A.H., Chronic arsenic poisoning. Toxicology letters, 2002. 128(1): p. 69-72. 
59. Viraraghavan, T., K. Subramanian, and J. Aruldoss, Arsenic in drinking water—problems and 

solutions. Water Science and Technology, 1999. 40(2): p. 69-76. 
60. Aaseth, J., et al., Chelation in metal intoxication—principles and paradigms. Journal of Trace 

Elements in Medicine and Biology, 2015. 31: p. 260-266. 



100 
 

61. Hurlbut, K.M., et al., Determination and metabolism of dithiol chelating agents. XVI: 
Pharmacokinetics of 2, 3-dimercapto-1-propanesulfonate after intravenous administration to 
human volunteers. Journal of Pharmacology and Experimental Therapeutics, 1994. 268(2): p. 
662-668. 

62. Torres-Alanís, O., et al., Urinary excretion of trace elements in humans after sodium 2, 3-
dimercaptopropane-1-sulfonate challenge test. Journal of Toxicology: Clinical Toxicology, 2000. 
38(7): p. 697-700. 

63. Crisponi, G., et al., Kill or cure: Misuse of chelation therapy for human diseases. Coordination 
Chemistry Reviews, 2015. 284: p. 278-285. 

64. Falagas, M.E. and I.A. Bliziotis, Pandrug-resistant Gram-negative bacteria: the dawn of the post-
antibiotic era? International journal of antimicrobial agents, 2007. 29(6): p. 630-636. 

65. Kang, C.-I., et al., Pseudomonas aeruginosa bacteremia: risk factors for mortality and influence 
of delayed receipt of effective antimicrobial therapy on clinical outcome. Clinical infectious 
diseases, 2003. 37(6): p. 745-751. 

66. Möllmann, U., et al., Siderophores as drug delivery agents: application of the “Trojan Horse” 
strategy. Biometals, 2009. 22(4): p. 615-624. 

67. Ballouche, M., P. Cornelis, and C. Baysse, Iron metabolism: a promising target for antibacterial 
strategies. Recent patents on anti-infective drug discovery, 2009. 4(3): p. 190-205. 

68. Braun, V., et al., Sideromycins: tools and antibiotics. Biometals, 2009. 22(1): p. 3. 
69. Nüesch, J. and F. Knüsel, Sideromycins, in Mechanism of Action. 1967, Springer. p. 499-541. 
70. Reynolds, D.M. and S.A. Waksman, Grisein, an antibiotic produced by certain strains of 

Streptomyces griseus. Journal of bacteriology, 1948. 55(5): p. 739. 
71. Mislin, G.L. and I.J. Schalk, Siderophore-dependent iron uptake systems as gates for antibiotic 

Trojan horse strategies against Pseudomonas aeruginosa. Metallomics, 2014. 6(3): p. 408-420. 
72. Zeng, Y., et al., Biosynthesis of albomycin δ2 provides a template for assembling siderophore and 

aminoacyl-tRNA synthetase inhibitor conjugates. ACS chemical biology, 2012. 7(9): p. 1565-
1575. 

73. Braun, V., et al., Intracellular activation of albomycin in Escherichia coli and Salmonella 
typhimurium. Journal of bacteriology, 1983. 156(1): p. 308-315. 

74. Pramanik, A., et al., Albomycin is an effective antibiotic, as exemplified with Yersinia 
enterocolitica and Streptococcus pneumoniae. International Journal of Medical Microbiology, 
2007. 297(6): p. 459-469. 

75. Lo, A., G. Castaldo, and H. Remaut, 14 Bacterial Membranes as Drug Targets. Bacterial 
Membranes: Structural and Molecular Biology, 2014: p. 449. 

76. Hider, R.C. and X. Kong, Chemistry and biology of siderophores. Natural product reports, 2010. 
27(5): p. 637-657. 

77. Rebuffat, S., Microcins in action: amazing defence strategies of Enterobacteria. 2012, Portland 
Press Limited. 

78. Tillotson, G.S., Trojan Horse Antibiotics—A Novel Way to Circumvent Gram-Negative Bacterial 
Resistance? Infectious diseases, 2016. 9: p. 45. 

79. McPherson, C.J., et al., Clinically relevant Gram-negative resistance mechanisms have no effect 
on the efficacy of MC-1, a novel siderophore-conjugated monocarbam. Antimicrobial agents and 
chemotherapy, 2012. 56(12): p. 6334-6342. 

80. Mushtaq, S., et al., Activity of BAL30072 alone or combined with β-lactamase inhibitors or with 
meropenem against carbapenem-resistant Enterobacteriaceae and non-fermenters. Journal of 
Antimicrobial Chemotherapy, 2013. 68(7): p. 1601-1608. 



101 
 

81. Page, M.G., C. Dantier, and E. Desarbre, In vitro properties of BAL30072, a novel siderophore 
sulfactam with activity against multiresistant gram-negative bacilli. Antimicrobial agents and 
chemotherapy, 2010. 54(6): p. 2291-2302. 

82. Higgins, P.G., et al., In vitro activity of the siderophore monosulfactam BAL30072 against 
meropenem-non-susceptible Acinetobacter baumannii. Journal of antimicrobial chemotherapy, 
2012. 67(5): p. 1167-1169. 

83. Landman, D., et al., In vitro activity of the siderophore monosulfactam BAL30072 against 
contemporary Gram-negative pathogens from New York City, including multidrug-resistant 
isolates. International journal of antimicrobial agents, 2014. 43(6): p. 527-532. 

84. Ito-Horiyama, T., et al., Stability of novel siderophore cephalosporin S-649266 against clinically 
relevant carbapenemases. Antimicrobial agents and chemotherapy, 2016. 60(7): p. 4384-4386. 

85. Kohira, N., et al., In vitro antimicrobial activity of a siderophore cephalosporin, S-649266, against 
Enterobacteriaceae clinical isolates, including carbapenem-resistant strains. Antimicrobial 
agents and chemotherapy, 2016. 60(2): p. 729-734. 

86. Ito, A., et al., In vitro antimicrobial activity of S-649266, a catechol-substituted siderophore 
cephalosporin, when tested against non-fermenting Gram-negative bacteria. Journal of 
Antimicrobial Chemotherapy, 2015. 71(3): p. 670-677. 

87. Drechsel, H.H., et al., Structural elucidation of Yersiniabactin, a siderophore from highly virulent 
Yersinia strains. Liebigs Ann, 1995. 10: p. 1727-1733. 

88. Ahmadi, M.K., et al., Molecular Variation of the Nonribosomal Peptide-Polyketide Siderophore 
Yersiniabactin Through Biosynthetic and Metabolic Engineering. Biotechnology and  
Bioengineering, 2016. 113: p. 1067-1074. 

89. Ahmadi, M.K., et al., Total Biosythensis and Diverse Aplications of the Nonribosomal Peptide-
Polyketide Siderophore Yersiniabactin. Appl Environ Microbiol 2015. 81: p. 5290-5298. 

90. Xu, P., et al., Modular optimization of multi-gene pathways for fatty acids production in E. coli. 
Nature communications, 2013. 4: p. 1409. 

91. Pistorino, M. and B.A. Pfeifer, Efficient experimental design and micro‐scale medium 
enhancement of 6‐deoxyerythronolide B production through Escherichia coli. Biotechnology 
progress, 2009. 25(5): p. 1364-1371. 

92. Schwyn, B. and J. Neilands, Universal chemical assay for the detection and determination of 
siderophores. Analytical biochemistry, 1987. 160(1): p. 47-56. 

93. Plackett, R.L. and J.P. Burman, The design of optimum multifactorial experiments. Biometrika, 
1946. 33(4): p. 305-325. 

94. Reeves, A.R., et al., Engineering of the methylmalonyl-CoA metabolite node of 
Saccharopolyspora erythraea for increased erythromycin production. Metabolic engineering, 
2007. 9(3): p. 293-303. 

95. Demain, A.L., From natural products discovery to commercialization: a success story. Journal of 
Industrial Microbiology and Biotechnology, 2006. 33(7): p. 486-495. 

96. Orth, J.D., et al., A comprehensive genome-scale reconstruction of Escherichia coli metabolism--
2011. Mol Syst Biol, 2011. 7: p. 535. 

97. Alper, H., et al., Identifying gene targets for the metabolic engineering of lycopene biosynthesis 
in Escherichia coli. Metabolic engineering, 2005. 7(3): p. 155-164. 

98. King, Z.A., et al., BiGG Models: A platform for integrating, standardizing and sharing genome-
scale models. Nucleic acids research, 2015. 44(D1): p. D515-D522. 

99. Feist, A.M. and B.O. Palsson, The biomass objective function. Current opinion in microbiology, 
2010. 13(3): p. 344-349. 



102 
 

100. Boghigian, B.A., K. Lee, and B.A. Pfeifer, Computational analysis of phenotypic space in 
heterologous polyketide biosynthesis—applications to Escherichia coli, Bacillus subtilis, and 
Saccharomyces cerevisiae. Journal of theoretical biology, 2010. 262(2): p. 197-207. 

101. Ahmadi, M.K. and B.A. Pfeifer, Recent progress in therapeutic natural product biosynthesis using 
Escherichia coli. Current opinion in biotechnology, 2016. 42: p. 7-12. 

102. Zhang, H., Y. Wang, and B.A. Pfeifer, Bacterial hosts for natural product production. Molecular 
pharmaceutics, 2008. 5(2): p. 212-225. 

103. Pfeifer, B.A., et al., Biosynthesis of complex polyketides in a metabolically engineered strain of E. 
coli. Science, 2001. 291(5509): p. 1790-1792. 

104. Fang, L., et al., Heterologous erythromycin production across strain and plasmid construction. 
Biotechnol Prog, 2018. 34(1): p. 271-276. 

105. Moscatello, N., et al., Continuous Removal of Copper, Magnesium, and Nickel from Industrial 
Wastewater Utilizing the Natural Product Yersiniabactin Immobilized within a Packed-bed 
Column. Chemical Engineering Journal, 2018. 

106. Ahmadi, M.K., et al., E. coli metabolic engineering for gram scale production of a plant-based 
anti-inflammatory agent. Metabolic engineering, 2016. 38: p. 382-388. 

107. Moscatello, N., et al., Increased production of yersiniabactin and an anthranilate analog through 
media optimization. Biotechnol Prog, 2017. 33(5): p. 1193-1200. 

108. Price, N.D., J.L. Reed, and B.Ø. Palsson, Genome-scale models of microbial cells: evaluating the 
consequences of constraints. Nature Reviews Microbiology, 2004. 2(11): p. 886. 

109. Varma, A. and B.O. Palsson, Stoichiometric flux balance models quantitatively predict growth 
and metabolic by-product secretion in wild-type Escherichia coli W3110. Applied and 
environmental microbiology, 1994. 60(10): p. 3724-3731. 

110. Weaver, D.S., et al., A genome-scale metabolic flux model of Escherichia coli K–12 derived from 
the EcoCyc database. BMC Systems Biology, 2014. 8: p. 79-79. 

111. Kayser, A., et al., Metabolic flux analysis of Escherichia coli in glucose-limited continuous culture. 
I. Growth-rate-dependent metabolic efficiency at steady state. Microbiology, 2005. 151(3): p. 
693-706. 

112. Selvarasu, S., et al., Characterizing Escherichia coli DH5α growth and metabolism in a complex 
medium using genome‐scale flux analysis. Biotechnology and bioengineering, 2009. 102(3): p. 
923-934. 

113. Pfeifer, B., et al., Process and metabolic strategies for improved production of Escherichia coli-
derived 6-deoxyerythronolide B. Applied and environmental microbiology, 2002. 68(7): p. 3287-
3292. 

114. González-Lergier, J., L.J. Broadbelt, and V. Hatzimanikatis, Analysis of the maximum theoretical 
yield for the synthesis of erythromycin precursors in Escherichia coli. Biotechnology and 
bioengineering, 2006. 95(4): p. 638-644. 

115. Chemler, J.A., et al., Improving NADPH availability for natural product biosynthesis in Escherichia 
coli by metabolic engineering. Metabolic engineering, 2010. 12(2): p. 96-104. 

116. Lin, Y., et al., Extending shikimate pathway for the production of muconic acid and its precursor 
salicylic acid in Escherichia coli. Metabolic engineering, 2014. 23: p. 62-69. 

117. Kennedy, M. and D. Krouse, Strategies for improving fermentation medium performance: a 
review. Journal of Industrial Microbiology & Biotechnology, 1999. 23(6): p. 456-475. 

118. Vančura, A., et al., Metabolism of L-threonine and fatty acids and tylosin biosynthesis in 
Streptomyces fradiae. FEMS microbiology letters, 1988. 49(3): p. 411-415. 

119. Rodrıguez, E. and H. Gramajo, Genetic and biochemical characterization of the α and β 
components of a propionyl-CoA carboxylase complex of Streptomyces coelicolor A3 (2). 
Microbiology, 1999. 145(11): p. 3109-3119. 



103 
 

120. Kurniawan, T.A., et al., Physico-chemical treatment techniques for wastewater laden with heavy 
metals. Chemical Engineering Journal, 2006. 118(1-2): p. 83-98. 

121. Brown, P.A., S.A. Gill, and S.J. Allen, Metal removal from wastewater using peat. Water 
Research, 2000. 34(16): p. 3907-3916. 

122. Benvenuti, T., et al., Recovery of nickel and water from nickel electroplating wastewater by 
electrodialysis. Separation and Purification Technology, 2014. 129: p. 106-112. 

123. Bobrov, A.G., et al., The Yersinia pestis siderophore, yersiniabactin, and the ZnuABC system both 
contribute to zinc acquisition and the development of lethal septicaemic plague in mice. 
Molecular Microbiology, 2014. 93(4): p. 759-775. 

124. Bobrov, A., et al., Zinc transporters YbtX and ZnuABC are required for the virulence of Yersinia 
pestis in bubonic and pneumonic plague in mice. Metallomics, 2017: p. Ahead of Print. 

125. Ahmadi, M.K., et al., A copper removal process for water based upon biosynthesis of 
yersiniabactin, a metal-binding natural product. Chemical Engineering Journal, 2016. 306: p. 
772-776. 

126. Armagan, B. and F. Toprak, Optimum Isotherm Parameters for Reactive Azo Dye onto Pistachio 
Nut Shells: Comparison of Linear and Non-Linear Methods. Polish Journal of Environmental 
Studies, 2013. 22(4): p. 1007-1011. 

127. Gimbert, F., et al., Adsorption isotherm models for dye removal by cationized starch-based 
material in a single component systera: Error analysis. Journal of Hazardous Materials, 2008. 
157(1): p. 34-46. 

128. Wong, Y.C., et al., Adsorption of acid dyes on chitosan - equilibrium isotherm analyses. Process 
Biochemistry, 2004. 39(6): p. 693-702. 

129. Wu, F.C., et al., A new linear form analysis of Redlich-Peterson isotherm equation for the 
adsorptions of dyes. Chemical Engineering Journal, 2010. 162(1): p. 21-27. 

130. Muci, A.R. and S.L. Buchwald, Practical Palladium Catalysts for C-N and C-O Bond formation. 
Topics in Current Chemistry, 2002. 219: p. 131-209. 

131. Drelinkiewicz, A., M. Hasik, and M. Kloc, Liquid-phase hydrogenation of 2-ethylanthraquinone 
over Pd/Polyaniline catalysts. Journal of Catalysis, 1999. 186: p. 123-133. 

132. Bunluesin, T., R.J. Gorte, and G.W. Graham, Studies of the water-gas-shift reaction on ceria-
supported Pt,Pd and Rh: implications for oxygen-storage properties. Applied Catalysis B-
Environmental, 1998. 15: p. 107-114. 

133. Nicolaou, K.C., P.G. Bulger, and D. Sarlah, Palladium-catalyzed cross-coupling reactions in total 
synthesis. Angew Chem Int Ed Engl, 2005. 44(29): p. 4442-89. 

134. Yin, L.X. and J. Liebscher, Carbon-carbon coupling reactions catalyzed by heterogeneous 
palladium catalysts. Chemical Reviews, 2007. 107: p. 133-173. 

135. Das, N., Recovery of precious metals through biosorption - A review. Hydrometallurgy, 2010. 
103(1-4): p. 180-189. 

136. Jeffrey, J.L. and R. Sarpong, An approach to the synthesis of dimeric resveratrol natural products 
via a palladium-catalyzed domino reaction. Tetrahedron Letters, 2009. 50(17): p. 1969-1972. 

137. Jones, S.B., et al., Collective synthesis of natural products by means of organocascade catalysis. 
Nature, 2011. 475(7355): p. 183-188. 

138. Graening, T. and H.G. Schmalz, Pd-catalyzed enantioselective allylic substitution: New strategic 
options for the total synthesis of natural products. Angewandte Chemie-International Edition, 
2003. 42(23): p. 2580-2584. 

139. Hawkes, J.S., Heavy metals. J Chem Edu, 1997. 74: p. 1369–1374. 
140. Nagajyoti, P.C., K.D. Lee, and T.V.M. Sreekanth, Heavy metals, occurance and toxicity for plants: 

a review. Environ Chem Lett, 2010. 8: p. 199-216. 



104 
 

141. Gimeno-Garcia, E., V. Andreu, and R. Boluda, Heavy metals incidence in the application of 
inorganic fertilizers and pesticides to rice farming soils. Environ Pollu, 1996. 92: p. 19-25. 

142. Monser, L. and N. Adhoum, Modified activated carbon for the removal of copper, zinc, chromium 
and cyanide from wastewater. Separation and purification technology, 2002. 26(2): p. 137-146. 

143. Malik, P.K., Dye removal from wastewater using activated carbon developed from sawdust: 
adsorption equilibrium and kinetics. Journal of Hazardous Materials, 2004. 113(1): p. 81-88. 

144. Babel, S. and T.A. Kurniawan, Cr (VI) removal from synthetic wastewater using coconut shell 
charcoal and commercial activated carbon modified with oxidizing agents and/or chitosan. 
Chemosphere, 2004. 54(7): p. 951-967. 

145. Kadirvelu, K., et al., Utilization of various agricultural wastes for activated carbon preparation 
and application for the removal of dyes and metal ions from aqueous solutions. Bioresource 
technology, 2003. 87(1): p. 129-132. 

146. Dwivedi, C.P., et al., Column performance of granular activated carbon packed bed for Pb (II) 
removal. Journal of hazardous materials, 2008. 156(1): p. 596-603. 

147. Huang, Q., et al., Magnetic graphene oxide/MgAl-layered double hydroxide nanocomposite: one-
pot solvothermal synthesis, adsorption performance and mechanisms for Pb 2+, Cd 2+, and Cu 
2+. Chemical Engineering Journal, 2018. 

148. Gao, J., et al., Treatment of wastewater containing nickel by complexation-ultrafiltration using 
sodium polyacrylate and the stability of PAA-Ni complex in the shear field. Chemical Engineering 
Journal, 2018. 334: p. 1878-1885. 

149. Shahat, A., et al., Visual nickel (II) ions treatment in petroleum samples using a mesoporous 
composite adsorbent. Chemical Engineering Journal, 2018. 334: p. 957-967. 

150. Elwakeel, K., et al., Functionalization of polyacrylonitrile/Na-Y-zeolite composite with amidoxime 
groups for the sorption of Cu (II), Cd (II) and Pb (II) metal ions. Chemical Engineering Journal, 
2018. 332: p. 727-736. 

151. Kong, D., et al., Fast and efficient removal of copper using sandwich-like graphene oxide 
composite imprinted materials. Chemical Engineering Journal, 2017. 326: p. 141-150. 

152. Moscatello, N.J. and B.A. Pfeifer, Yersiniabactin Metal Binding Characterization and Removal of 
Nickel from Industrial Wastewater. Biotechnology Progress, 2017. 

153. Martín-Lara, M., et al., Binary biosorption of copper and lead onto pine cone shell in batch 
reactors and in fixed bed columns. International Journal of Mineral Processing, 2016. 148: p. 72-
82. 

154. Abdolali, A., et al., Application of a breakthrough biosorbent for removing heavy metals from 
synthetic and real wastewaters in a lab-scale continuous fixed-bed column. Bioresource 
technology, 2017. 229: p. 78-87. 

155. Cruz-Olivares, J., et al., Modeling of lead (II) biosorption by residue of allspice in a fixed-bed 
column. Chemical engineering journal, 2013. 228: p. 21-27. 

 


	Bookmarks
	Metabolic and Process Engineering of the Siderophore Yersiniabactin for Advanced Characterization and Application 




