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ABSTRACT 

Phenazines are redox-active microbial metabolites produced in diverse ecologic niches 

from agricultural soils to chronic infections. Hundreds of phenazine analogs are known to 

exist in nature, but their precise roles in context and the reasons for their chemical diversity 

remain elusive. While much energy has been devoted to investigating phenazine biology, 

laboratory experiments designed around phenotypes often neglect important aspects of the 

environmental conditions in which phenazines function, namely pH and EH. In this thesis, I 

propose that an alternative route to determining the true evolved functions of phenazines 

and other secondary metabolites is to first interrogate their physicochemical properties in 

relevant context and to then allow the results to guide biological questions. As a case study, 

I made detailed abiotic lipophilicity measurements of the phenazines produced by the 

opportunistic pathogen Pseudomonas aeruginosa.  The measurements revealed an elegant 

redox-mediated mechanism by which lipophilicity is tuned in vivo, sometimes by several 

orders of magnitude. The increase in biologic retention implied by this finding was born 

out experimentally by the discovery that the P. aeruginosa membrane harbors millimolar 

concentrations of reduced pyocyanin in low oxygen conditions, a finding that upends the 

prevailing concept of that metabolite as an extracellular toxin actively secreted by producer 

cells. This finding in turn raised questions about the integrity of the pyocyanin-saturated 

membrane and the function of respiratory enzymes therein. The first question inspired a 

preliminary lipidomics study that points to significant lipid remodeling in the presence of 

phenazines. The second may be addressed in the future by respirometry methods developed 

here for interrogating phenazine interactions with the P. aeruginosa electron transport 

chain. In the final chapter, I describe attempts to address whether phenazine-mediated 
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reduction of Fe(III)-bearing clays in the environment is a viable mechanism of anaerobic 

survival for environmental phenazine producers. The experiments described throughout 

this work represent a fundamentally chemical approach to biological questions, and the 

results speak to the value of that perspective. 

GUIDE TO THE THESIS 
Chapter one is a published review article that describes the underlying logic of this thesis: 

that to understand or predict the function of microbial metabolites, it is important to 

understand the physical and chemical properties of the environments in which the 

metabolites are produced and to measure the physicochemical properties of the metabolites 

in a context as close to the native environment as possible. When diligent attention to 

environmental conditions is coupled with fundamental chemical measurements of a 

metabolite, abiotic results can provide biological insights.  

In chapter two, I take up this challenge, viewing phenazines through the lens of 

lipophilicity, which is a thermodynamic property related to energies of solvation in fatty 

versus aqueous solvents. Exploring the lipophilicity of reduced and oxidized P. aeruginosa 

phenazines revealed an unexpectedly strong redox dependence that appears to be related to 

a deep evolutionary feature of bacterial phenazines. The end of this chapter describes a 

surprising biological implication of the finding that the reduced form of pyocyanin is 

significantly more lipophilic than its oxidized form: reduced pyocyanin concentrates 

heavily in the membrane of producer cells despite the presence of efflux pumps known to 

transport phenazines out of the cell. This chapter is currently under review for publication. 
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Chapter three builds on the finding that pyocyanin (and likely other phenazines) can 

infiltrate the cell membrane and concentrate there. Phenazine disruption of lipid-lipid and 

lipid-protein interactions could compromise essential physiological functions like 

membrane rigidity and respiratory enzyme activity, but the producer cell must have 

evolved strategies to deal with these challenges or it would long ago have poisoned itself. A 

preliminary measurement of the lipidome reveals increased lipid abundance and significant 

lipid remodeling in the cell envelopes of wild type P. aeruginosa cells compared to 

phenazine-deficient mutants of the same strain. 

Chapter four addresses the effect of phenazines on P. aeruginosa respiration by developing 

techniques related to those used by Friedheim in 1931 when he first discussed the role of 

pyocyanin as an “accessory respiratory enzyme.” The chapter details conditions explored in 

our laboratory for inhibiting P. aeruginosa respiration and then stimulating it in the 

presence of the same inhibitor by disrupting the electron transport chain with phenazines. 

The effects of the phenazines tested correspond to the physicochemical properties of those 

phenazines, particularly their reaction rates with oxygen and their lipophilicities. 

In a return to the environment, Chapter 5 examines the potential for a common 

environmental phenazine to reduce Fe(III) found in the lattice of clay minerals. That 

question hinges on the ability of a phenazine to interact electrochemically with cellular and 

mineral components separated in space. The findings indicate that phenazine-mediated 

reduction of clay minerals can be accomplished electrochemically or by the metabolism of 

an environmental phenazine-producing bacterium. The chapter lays the groundwork for 
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determining whether such an interaction could promote anaerobic survival in natural soils 

and waters. 

In the final chapter, I discuss the implications of my findings and suggest possibilities for 
future investigations. 
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NOMENCLATURE 
PYO – an almost unforgivably bad abbreviation of the word pyocyanin, a pH-sensitive 

(pKa = 4.9)  N-methylated phenazine metabolite produced by Pseudomonas aeruginosa 

and responsible for the blue-green color observed in its planktonic cultures, biofilms, and 

infections. IUPAC name: 5-Methylphenazin-1(5H)-one. 

PCN – phenazine-1-carboxamide, a pH-insensitive phenazine metabolite (pKa  < 14.0 and 

pKb < 1.5) produced by Pseudomonas aeruginosa and other pseudomonads found in the 

environment 

PCA – phenazine-1-carboxylic acid, a pH-sensitive phenazine metabolite produced by 

Pseudomonas aeruginosa and other pseudomonads found in the environment (pKa = 4.24). 

PCA (or its symmetric counterpart phenazine-1,6-dicarboxylic acid) is an intermediate in 

all known bacterial phenazine biosynthetic pathways. 

Survival assay – this assay, first described by Wang et al., 2010, places stationary phase 

Pseudomonas aeruginosa PA14 cells that were pre-grown aerobically into a strictly 

anaerobic electrochemical cell where they are dependent on extracellular phenazines and an 

applied electrochemical potential to survive (via electron shuttling from the cell to the 

phenazine and finally to the electrode). This assay is described and referenced in Chapter 5. 

PBS: abbreviation of phosphate-buffered saline, a common circumneutral carbon-free 

buffer 

PMF: abbreviation of proton motive force, the combination of chemical and electrical 

potential created by pumping protons out of the cytoplasm during respiration against both a 

concentration and a charge gradient. Allowing protons to flow back into the cytosol 

through the ATP-synthase enzyme generates ATP.    

∆phz: a strain of P. aeruginosa PA14 lacking the biosynthetic machinery necessary to 

produce phenazines. Specifically: ∆phz1/2 DKN330, phenazine-null via deletions of the 
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phenazine biosynthesis operons phzA1-G1 (PA14_09480 - PA14_09410) and phzA2-

G2 (PA14_39970 – PA14_39880) 

SHE – standard hydrogen electrode 
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Chapter 1 

A PHENAZINE-INSPIRED FRAMEWORK FOR IDENTIFYING 

BIOLOGICAL FUNCTIONS OF MICROBIAL REDOX-ACTIVE 

METABOLITES 
Abstract 

While the list of small molecules known to be secreted by environmental microbes continues 

to grow, our understanding of their in situ biological functions remains minimal. The time 

has come to develop a framework to parse the meaning of these “secondary metabolites,” 

which are ecologically ubiquitous and have direct applications in medicine and 

biotechnology. Here, we focus on a particular subset of molecules, redox active 

metabolites (RAMs), and review the well-studied phenazines as archetypes of this class. We 

argue that efforts to characterize the chemical, physical and biological makeup of the 

microenvironments, wherein these molecules are produced, coupled with measurements of 

the molecules' basic chemical properties, will enable significant progress in understanding 

the precise roles of novel RAMs. 

 

Introduction 

Natural product chemists and microbial ecologists are well aware of the existence of 

thousands upon thousands of small organic molecules produced by environmental microbes. 

Many of these molecules have been isolated in search of novel antibiotic and antitumor 

agents, and in recent years researchers have developed bioinformatic tools not only to 

identify biosynthetic gene clusters, but also to propose the structures of the natural products 
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they produce (1-3). But despite these efforts, the natural in situ biological functions of 

microbial natural products remain underexplored (4). Why are there so many of these 

molecules and what are they doing? Is it possible to bring conceptual unity to their chemical 

diversity? 

A subset of these microbial natural products, often characterized by vibrant colors that 

change upon oxidation or reduction, are classified as redox active metabolites (RAMs). We 

restrict our definition of RAMs to small electron carrier molecules that are secreted 

extracellularly, oxidized or reduced at a distance, and then returned to the cell where their 

original oxidation state is restored via cellular electron transfer. Many different types of 

molecules fit this bill, including quinones, coumarins, and flavins—the key is that they can 

engage in reversible electron transfer. One important class of RAMs, phenazines, which we 

will focus on in this review for illustrative purposes, are produced primarily by 

pseudomonads and streptomycetes (5-7). All phenazines share a common three-ringed 

structure arranged around a pyrazine core, and this structure is often decorated with 

various functional groups. While hundreds of phenazine derivatives exist, only a handful 

have been thoroughly investigated (8). Yet subtle structural differences even within this 

select RAM class appear to be linked both to different chemical properties and to 

different biological functions (9). Interestingly, while core phenazine production is 

under quorum sensing control (i.e. regulated at high cell density), enzymes that modify the 

core structure are differentially regulated, pointing to the potential for different functions 

(10). 

The best studied phenazines, including pyocyanin (PYO), phenazine-1-carboxylic acid 

(PCA), and phenazine-1-carboxamide (PCN), are produced by the 
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opportunistic pathogen Pseudomonas aeruginosa. Like many RAMs, the brilliant 

blue pyocyanin molecule has long been recognized as an antibiotic able to generate reactive 

oxygen species, limiting competition from non-producer strains (11, 12). But PYO is also a 

signaling molecule required for proper biofilm formation (13-15), and in the human host, 

PYO is an important virulence factor affecting host cell gene regulation, protein activity, 

and glutathione redox balance (16-25). Like PYO, PCA also appears to act as a diffusible 

antibiotic, and in wheat cropland soil, PCA-producing strains are effective at limiting the 

fungal wheat pathogen responsible for take-all disease (26, 27). The same reactive oxygen 

species-generating ability that can limit P. aeruginosa's competitors also makes PYO toxic 

to the producer strain under certain conditions (28). When reduced carbon is 

replete, P. aeruginosa populations engage energy-dependent PYO defense mechanisms, 

including efflux pumps and iron-sulfur cluster repair enzymes, but when carbon is limited, 

PYO-stimulated cell death occurs. In Lysobacter antibioticus, a monooxygenase encoded in 

the myxin biosynthetic gene cluster is involved in self-resistance to that toxic phenazine (29). 

Indeed, self-resistance by various strategies is necessary among RAM producers, especially 

those that inhabit aerobic habitats (30-34). 

In addition to their antibiotic functions, phenazines can contribute to microbial nutrient 

acquisition and energy conservation. By way of reductive dissolution of extracellular ferric 

iron minerals, reduced phenazines have been shown to make both iron and phosphorus more 

bioavailable (35-38). Within P. aeruginosa cells, oxidized phenazines can promote 

anaerobic survival by facilitating redox-balancing that enables ATP generation via substrate-

level phosphorylation (39-41). In a biofilm context, the spatial distribution of specific 

phenazines have been linked to their functions as electron carriers (42, 51). For example, 

https://www.sciencedirect.com/topics/medicine-and-dentistry/pathogen
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PCN has a low midpoint potential and is enriched in the biofilm interior, while PYO, with 

a higher midpoint potential, specifically binds extracellular DNA farther toward the biofilm's 

periphery. The rate of PYO-mediated electron transfer through the biofilm is significantly 

faster than PYO loss from the biofilm, indicating that electron transfer mediated by 

extracellular DNA-bound phenazines can be an efficient strategy for relieving reductive 

stress experienced by cells in the biofilm's anoxic core (43). 

These diverse, context-dependent functions of the various P. aeruginosa phenazines raise 

questions about the roles of the less familiar phenazines, but also about RAMs more broadly. 

Which RAMs function primarily as antibiotics? Which are signaling molecules? Which can 

promote survival under redox stress, and how? We so far lack a systematic approach for 

analyzing the roles of putative RAMs en masse. This review attempts to develop a conceptual 

framework through which to understand the in situ roles of redox-active natural products 

across environments and species. Challenged with determining the functions of new RAMs, 

we require some knowledge of the relevant micro-environmental contexts in which the 

RAMs are produced. Measurements of key physico-chemical properties in those contexts or 

in experimentally accessible analogs, along with a pointed search for genetic and 

physiological characteristics in the producer strain, will allow comparisons to known RAMs 

and RAM producers, situating new RAMs within the context of other, known RAMs, if not 

explicitly indicating their specific biological functions. Future experimental studies must 

then validate predictions resulting from this approach. 
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Context 

When we talk about context, what do we mean? Unlike the well-aerated rich media found in 

most laboratory cultures, conditions experienced by most microbes are heterogeneous, 

dynamic, and often challenging. Nutrients, including metals and electron donors and 

acceptors, can be limiting (44). Wetting and drying cycles can drastically change the osmotic 

potential and ionic strength of aqueous environments, as well as the availability of oxygen. 

Additionally, many microbes (up to 80% by some estimates) live in biofilms, surrounded by 

secreted polymers like polysaccharides and extracellular DNA (45). These biofilms thus 

define the immediate extracellular microenvironment for these microbes, and their 

composition and properties stand to affect the mobility and reactivity of secreted RAMs. A 

RAM that is produced by a biofilm-bound microbe and then diffuses into the environment 

encounters distinct physicochemical contexts: 1) the intracellular environment, where 

cytosolic conditions, membrane partitioning, and enzyme interactions govern RAM 

behavior, and 2) the extracellular environment, where aqueous diffusivity will compete 

with surface interactions—for example, with biofilm components, minerals, natural organic 

matter, or host tissue - to determine the ultimate fate of the RAM (Figure 1). The 

characteristics of each of these environments, including their redox state, pH, ionic strength, 

and even temperature will affect the RAM's behavior and influence its utility to the producer 

cell. 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/enzyme
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Figure 1: A secreted RAM encounters distinct physicochemical microenvironments including 

the intracellular space (a), where it can affect gene regulation including activating different 

metabolisms, exerting toxic effects, and/or relieving redox stress; and the biofilm, where it can 

facilitate extracellular electron transport to oxic interfaces (b) or to minerals, thereby enhancing 

nutrient (e.g. Fe, P) bioavailability (c). RAM diffusion and electron transport capabilities within 

the biofilm depend on interactions with matrix components including polysaccharides (d), and 

extracellular DNA (e). 

Measurements 

The constellation of factors affecting RAM properties in situ is vast, but a reduced set of 

chemical and physical variables offer a starting point for narrowing and comparing the range 
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of RAM behavior in context. These include: midpoint potential and redox 

kinetics, lipophilicity, reductive dissolution and chelation capability, as well as covalent and 

noncovalent interactions with locally relevant compounds, surfaces, and tissues (Table 1). 

All of these properties are sensitive to a RAM's microenvironment, but despite the diversity 

of these microenvironments, properties of putative RAMs are often studied under limited 

conditions, for example in circumneutral aqueous solutions at room temperature. These 

laboratory conditions do not reflect reality for a RAM producer found in the core of a 37 °C 

biofilm in an infected wound, where interactions with biofilm components and host tissues 

dictate RAM mobility and reactivity. Similarly, a microbe adhered to a mineral grain in a 

soil pore experiencing a wetting/drying cycle endures significant changes in ionic 

strength and matric potential that will affect the solubility (and hence the utility) of its 

secreted RAM. Physiological adaptations to this stress, like increasing cell 

surface hydrophobicity, will affect the partitioning of the RAM into the membrane, 

enhancing or restricting access to any cellular machinery involved in the redox 

transformation of the RAM (60). 

 

Table 1: How measurable chemical parameters of RAMs may map onto their 

expected biological effects, subject to experimental validation. 
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Measurement Controlling parameters Biological effects 

Midpoint 

Potential 

pH, enzymatic binding, 

concentration, temperature (9, 58) 

Redox accessibility to enzymes, 

cofactors, abiotic participants, other 

RAMs 

Redox 

Kinetics 

Reversibility, accessible reductants 

and oxidants, concentration, 

temperature (49, 61) 

Redox stress relief, reactive oxygen 

species generation 

Lipophilicity Ionic strength, pH, redox state, 

temperature (62, 63) 

Membrane/cytosol and 

membrane/extracellular 

environment partitioning, mobility 

in biofilm/host tissue/soil 

Sorption Ionic strength, 

mineral/organic/tissue phases 

present, temperature (64) 

Local concentration 

enhancement/depletion 

Reductive 

Dissolution 

Redox accessibility, ionic strength 

(9, 38) 

Liberation of nutrients for producer 

and neighbors 

Chelation Competing chelators from other 

strains or host cells, mineral/metal 

phases and their oxidations states 

(35, 37, 65, 66) 

Increased nutrient availability for 

producer, increased or decreased 

availability for neighbors 

 

Midpoint potential and redox kinetics 

The first questions that come to mind when considering a poorly understood RAM include 

“Can this RAM be reduced or oxidized by the biological system in question?” and if so, 

“Where is it oxidized and reduced?” The midpoint potential of a RAM will dictate its 
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accessibility to enzymes, including components of the electron transport chain, to cofactors 

(like quinones and NADH) within a cell, and to abiotic redox participants like oxygen, 

nitrate, iron or manganese minerals, and experimental electrodes (9, 22, 36, 43, 48, 61). In 

some cases, a RAM's potential and structural similarity could even allow it to substitute for 

a limiting enzymatic cofactor, such as a flavin (48). As demonstrated by the 100 mV 

potential change between unbound flavin molecules and those bound to Shewanella 

oneidensis multi-heme cytochrome proteins, binding to a specific enzyme can significantly 

affect the potential and the kinetics of RAM redox reactivity (58).Midpoint potential is also 

sensitive to pH and the ratio of oxidized to reduced RAM (36). PYO's reduction potential 

ranges from 69 mV (normal hydrogen electrode) at pH 5 to −103 mV at pH 8 (9). 

In P. aeruginosa biofilms, pH can vary significantly over micrometer scales, and pH 

gradients from the core to the edge of the biofilm could theoretically lead not only to altered 

RAM properties, but also to electrostatic changes in matrix components that affect small 

molecule penetration (55, 57).  

In addition to midpoint potential, the kinetics of reaction between a RAM and likely redox 

participants in the local environment offer important clues about its fate and function. For 

example, within the cell, activation of the transcription factor SoxR from Streptomyces 

coelicolor, P. aeruginosa, and Escherichia coli by redox active compounds depends not only 

on midpoint potential, but also on the kinetics of 2Fe–2S cluster oxidation in vivo (61). And 

although nitrate is a thermodynamically acceptable oxidant for PCA, 

abiotic PCA oxidation by nitrate is not observed, while several bacterial species catalyze 

nitrate-coupled PCA oxidation rates up to 25 μM/h, suggesting biologically mediated 

oxidation may contribute significantly to PCA cycling in anoxic environments (49). 
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Finally, RAM redox reversibility is essential to specific functions, including relief of 

intracellular redox stress. A RAM incapable of reversible redox chemistry cannot be 

expected to be recycled numerous times by the producer strain and therefore represents a 

more significant energetic cost than a reversibly reducible RAM (41). We would therefore 

infer such a RAM does not contribute appreciably to redox homeostasis but instead possesses 

a different biological function. 

 

Midpoint potential and redox kinetics 

The octanol-water partition coefficient (logP) has long been used as a reproducible and 

comparable quantitative proxy for lipophilicity of anthropogenic environmental 

contaminants and attractive drug candidates (62, 67). In the context of environmental RAMs, 

logP measurements represent a swift, comparable first pass at understanding where a RAM 

partitions, both intra- and extracellularly. Highly lipophilic RAMs like the archaeal 

methanophenazine can be expected to partition primarily to the cell membrane (68). When 

lipophilic RAMs are secreted, they will interact strongly with hydrophobic regions in the 

biofilm or with lipophilic host tissues or natural organic carbon beyond. Particularly in 

regimes of high ionic strength, neutral, high logP compounds are prone to “salting out” of 

aqueous environments, presumably making them inaccessible to the producer strains (62, 

63). By contrast, RAMs with low logP values represent candidates for cytosolic redox 

transformation and will be mobile in aqueous extracellular environments. Changes in logP 

upon protonation or reduction can affect intracellular RAM concentration, localization and 

function, for example allowing a RAM to pass back and forth between sites of oxidation and 
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reduction (46). Adventitious redox interactions with several enzymes are possible for 

RAMs that migrate throughout the cell (48). 

 

Sorption and covalent interactions 

RAM spatial distributions intracellularly, within the biofilm, and in the surrounding 

environment provide important information about their potential functions (42, 69). Yet 

experiments and models based on simple aqueous diffusion neglect potentially important 

interactions between RAMs and cellular or biofilm components. Along with lipophilicity, 

sorptive interactions-due to electrostatics, Van der Waals forces, and hydrogen bonding-

with polysaccharides, extracellular DNA, host tissue, and minerals will alter a RAM's 

diffusion within its local environment and may even alter physical parameters of that 

environment. For example, PYO interacts with extracellular DNA, thereby increasing 

aqueous solution viscosity (59). Determining binding affinity between a RAM and known 

microenvironmental components through electrochemistry, calorimetry, or even qualitative 

imaging experiments can begin to illuminate a RAM's in situ function (56, 58). A RAM like 

PCA that diffuses easily out of most biofilm regions likely serves primarily as a 

diffusible antibiotic or agent of nutrient acquisition, whereas RAMs that bind extracellular 

DNA may enable electron transfer through biofilms (43, 59). Quantifying the 

effective diffusion coefficient of a RAM represents an important challenge that can inform 

interpretation of function. 

In some cases, covalent interactions will dictate the fates and effects of RAMs. PCA, for 

example, bonds covalently to intracellular thiols, potentially leading to protein aggregation 

and impacting the amount of reduced glutathione in eukaryotic host cells (47). This 
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reactivity, initiated by a radical mechanism, could also have implications for the activation 

or inactivation of thiol-bearing proteins in the producer cell or in the extracellular matrix, 

and will impact extracellular diffusion when PCA encounters thiols in the environment, 

where they may be present to 10s of μM in dissolved organic matter and to 10s of μmol/g 

wet weight on the surface of cells (70). 

In a soil environment, biofilms exist in direct contact with mineral phases and organic 

carbon, both dissolved and particulate. Abiotic soil characteristics, including sodium and 

organic matter content, as well as grain size and pH, have been shown to impact the antibiotic 

efficacy of PCA-producing Pseudomonas fluorescens biocontrol strains against the fungal 

wheat pathogen Gaeumannomyces graminis var. tritici (27). In particular, higher clay (sub-

2 μm diameter particles with high surface area and charge) and organic matter content were 

correlated with more severe fungal disease, while higher sand content (particles between 62 

and 500 μm with lower surface area and charge), pH, and sodium levels were correlated with 

better-controlled fungal disease. Understanding the strength and reversibility of PCA 

sorption to mineral surfaces and organic matter under relevant ionic strength and pH regimes 

could help determine mechanisms responsible for these correlations and inform expectations 

for PCA behavior in other soils. 

Apart from abiotic interactions, if the biofilm is part of the rhizosphere, live plant roots may 

exert control over local RAM concentrations, either by exuding carbon compounds to recruit 

and support RAM producers, or by adsorbing or absorbing the RAM directly (71-73). Strong 

adsorption or active uptake by a living root can hint at particular utility or detriment to the 

producer strain or to associated plants. Additionally, strong sorption to specific mineral 

phases can direct hypotheses about RAM utility. For example, sorption experiments showing 
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strong interactions with a particular metal oxide may suggest microbial attempts at 

chelation or reductive dissolution or could hint at RAM-mediated mineral respiration. 

Analogously, in a host infection, extracellular DNA resulting from cell 

lysis or neutrophil extracellular traps (74, 75) can sequester RAM molecules, providing an 

opportunity for opportunistic pathogens to survive via extracellular electron transfer. 

In addition to informing hypotheses about function, RAM adsorption to extracellular 

surfaces is essential for determining environmentally relevant experimental conditions, 

especially RAM concentrations. While some RAMs can be toxic at high concentrations, even 

to the producer strain, effects of low concentrations of most secondary metabolites, including 

RAMs, are underexplored (4, 76-79). In some cases, these “antibiotics” may play essential 

signaling roles at significantly lower concentrations (80). In cross feeding experiments, 

subinhibitory concentrations of antibiotic secondary metabolites induced antibiotic 

production and sporulation among various Streptomycete strains (81). Promoter-lux reporter 

libraries have been used to elucidate previously unappreciated transcriptional changes and 

ribosomal interactions caused by subinhibitory concentrations (∼1 μg/mL, 10-fold lower 

than the minimum inhibitory concentration) of macrolide-lincosamide-streptogramin 

antibiotics in Salmonella enterica serovar typhimurium (82). Even if sorption isn't 

particularly strong or specific, the high surface area of biofilm components and surrounding 

surfaces may sequester the RAM in certain locations, alternately raising and lowering RAM 

concentrations in various microenvironments compared with bulk environmental 

measurements. Concentrating mechanisms of this sort can be key to RAM utilization in vivo. 

In electrochemical experiments, S. oneidensis was able to immobilize even minute amounts 
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(≤ 1 μM) of exogenous PCA at the biofilm–electrode interface to enhance 

extracellular electron transfer (56). Using a microenvironmentally relevant concentration of 

a RAM, or the proper ratio of related RAMs, is necessary to elicit experimental responses 

that are ecologically relevant (83). 

 

Conclusions: from chemical characterization to biological causality 

 

The collection of well-studied RAMs is relatively small, and even the phenazine subset 

described here is incompletely understood. Motivating in situ exploration of RAM function 

is the promise of new antibiotics that target slow growth metabolisms in biofilms, new knobs 

for tuning metabolism in the lab or in redox batteries, and a firmer understanding of the 

evolutionary strategies microbes use to colonize every conceivable ecological niche on Earth 

(50, 52-54). But our ability to recognize patterns in RAMs' in situ functions will depend on 

comparisons across environmental contexts. The chemical and biological properties 

described here offer a general framework for gaining intuition about a novel RAM's in 

situ function and comparing it to other known RAMs, feats which may begin to help us 

glimpse a unity underlying their apparent diversity. 

How might we leverage knowledge of the core RAM chemical properties outlined in this 

review to make accurate predictions about their biological functions? Because RAM 

chemistry is so versatile, the approach taken to test any given hypothesis will obviously vary 

with the specific claim, yet certain tools may be generally helpful in identifying correlations 

and testing causality. To start, correlating when specific RAMs are made with specific 

microenvironmental conditions can provide clues into their biological utility; similarly, 



 

 

15 
short-term cellular responses to RAM exposure under different conditions (e.g. 

transcriptional activity in the presence and absence of oxygen) can provide a window into 

how cells are experiencing RAMs. For example, the observation that phenazine production 

is correlated with the depletion of oxygen from cultures (84) and/or phosphorus limitation 

(85) suggested that phenazines might provide a fitness advantage to cells under these 

conditions. Coupling this observation to the fact that phenazine midpoint potentials are 

conveniently poised between well-known cellular reductants and oxidants, it became 

reasonable to postulate that phenazines can serve as alternative electron acceptors when 

other oxidants are limited, but also as electron donors to distal oxidants (such as ferric 

oxyhydroxide minerals to which phosphate is adsorbed). This is but one example, and the 

challenge for the future is to identify new patterns of RAM “behavior” (e.g. regulation of 

production, physical localization, etc.), that, when coupled to an understanding of their 

chemistry, can inspire new hypotheses and grant insights into their biological functions. 

A next step in testing any such hypothesis is controlling RAM production, ideally by 

generating mutant strains that lack genes required for RAM biosynthesis—something that is 

becoming ever easier to do as techniques for genetically manipulating diverse microbes 

improve—then determining whether the absence of RAMs results in biological effects that 

are consistent with the hypothesis. Crucial to proving causality is the rescue of the original 

phenotype by provision of the RAM either via genetic or chemical complementation. Our 

ability to think beyond a single RAM's effect on a single cell will depend on new methods 

able to map extracellular RAMs at high resolution, a feat now achievable both 

electrochemically and optically in the case of phenazines (42, 69, 86). As microscopy at the 

single cell level improves, and better tools emerge to accurately map and control intra- and 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/genetics
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extracellular metabolite distribution in complex environments, a golden age for RAM 

research is dawning. Indeed, an in-depth understanding of RAM biological functions and 

broader impacts requires a partnership between chemists and biologists, and we hope this 

review will inspire researchers in both fields to turn their talents to the many fascinating 

problems posed by RAMs in diverse contexts, from the soil to the clinic to bioelectronics. 
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REDOX-DEPENDENT LIPOPHILICITY OF PHENAZINE 
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Abstract 

Phenazines are redox-active microbial metabolites produced and secreted in diverse 

ecological contexts from soils to chronic infections. In these disparate environments 

phenazines can function variously as antibiotics, extracellular electron shuttles, and nutrient 

scavengers. Key to understanding the impact of these functions is a robust expectation of 

phenazine retention or diffusion in a given context. But predicting phenazine fate and 

transport is difficult because of the chemical complexity of their local microenvironments. 

To address this challenge, we measured the octanol water distribution coefficient (LogD) as 

a proxy for lipophilicity of three naturally occurring phenazines produced by the 

opportunistic pathogen Pseudomonas aeruginosa: phenazine-1-carboxylic acid, phenazine-

1-carboxamide, and pyocyanin. We investigated the behavior of both oxidized and reduced 
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forms of these phenazines across broad ionic strength and pH conditions. While the ionic 

context exerts only small effects, the pH and redox state contribute strongly and 

independently to changes in phenazine lipophilicity. The pH trends are expected, but the 

observed redox dependence is generally missed by existing lipophilicity calculation methods. 

Additional LogD measurements with 1-hydroxyphenazine and unsubstituted phenazine, 

together with density functional theory modeling of phenazines in their reduced and oxidized 

forms, reveal that intramolecular hydrogen bonding contributes significantly to the increased 

lipophilicity of reduced phenazines that possess H-bond accepting substituents in the 1-

position. These results explain phenazine behavior in a biological context: redox state alone 

significantly alters retention of pyocyanin in planktonic P. aeruginosa cells, with the reduced 

species being predominantly retained by membranes. We propose that the modulation of 

phenazine lipophilicity in response to the local redox environment has evolved to give a 

competitive advantage to bacteria by retaining or dispersing these bioactive molecules. 

Beyond improving our understanding of natural phenazine fate in diverse microbial contexts, 

our results emphasize an oft-overlooked theme relevant to rational drug and electrochemical 

shuttle design: redox state matters. 

 

Introduction 

 

Pseudomonas aeruginosa is a common opportunistic human pathogen that colonizes a wide 

range of habitats and is known to establish both acute and chronic infections in hospitalized 

and immunodeficient patients. This bacterium exhibits a high level of metabolic flexibility 

that enables it to exist in the broad range of environments in which it is found (1). For P. 
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aeruginosa and other microbes, secretion of primary and secondary metabolites can confer 

a competitive advantage through multiple mechanisms including redox balancing (2) and 

competitor inhibition (3). Metabolite secretion is controlled by a variety of systems, 

including ATP-driven transport systems, antiporters, symporters, uniporters, and passive 

diffusion (4). While the selectivity of enzymatic transport systems depends on structural 

recognition of the metabolite, passive diffusion across the membrane is governed primarily 

by the metabolite’s physicochemical properties, especially its lipophilicity. 

 

Here we examine the lipophilicity of phenazine metabolites, an important class of secreted, 

redox-active secondary metabolites produced by P. aeruginosa as well as many other 

bacterial species found in natural soils and waters around the world (5). Phenazines are 

known to play critical roles in nutrient scavenging, virulence, competitor inhibition, and 

signaling (6). These functions rely on reversible redox transformations that can be triggered 

by producer cells, host tissue, competing microbes, and abiotic phases like oxygen and iron 

oxide minerals (7, 8). Despite this, almost nothing is known about the mechanisms by which 

phenazine concentrations are spatially controlled, and whether the local redox environment 

affects compound distribution (9). 

  

In chemically complex environments, lipophilicity is a useful simplifying parameter for 

understanding and predicting compound distribution. In practice, scientists in disciplines 

including environmental science and medicinal chemistry lean heavily on the octanol-water 

partition coefficient (LogP) or the pH-specific distribution coefficient (LogDpH) as useful 

proxies for compound lipophilicity (Equation 1). LogP and LogD correlate strongly with 
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affinity for biological phases, including cell membranes and soil organic matter, which are 

typically more lipophilic than water (10, 11). As a result, LogP is a useful predictor for the 

bioaccumulation of anthropogenic toxins such as DDT (12). By the same token, LogP and 

LogD feature prominently in drug design because of the correlation between the lipophilicity 

of a drug, its target promiscuity, and our in vivo absorption and retention of the molecule (13, 

14). While these values can be measured using the shake flask method or chromatography, 

they are frequently predicted using a range of different algorithms that report calculated LogP 

or LogD (cLogP or cLogD) (14). Both measurement and prediction of LogP/LogD tend to 

neglect changes in molecular redox state that are common in biological settings and are 

relevant to understanding the behavior of redox active metabolites.  
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Equation 1. The distribution coefficient, LogDx, accounts for the partitioning of all ionization 

forms of a solute between the octanol and the water phase at pH x. The total number of 

ionization states is given by 𝑛. 𝑓$ is the mole fraction of each form of the molecule (controlled 

by the pKa of the solute and the solution pH) and 𝑃$   is the partition coefficient for that form. 

For solutes that do not ionize, LogDx collapses to the familiar partition coefficient LogP, which 

is simply the ratio of the concentrations of solute in octanol and in water. 

 

To explore the redox sensitivity of phenazine lipophilicity, as a case study through which to 

elucidate general principles, we examined the three main phenazines produced by P. 
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aeruginosa. Like most phenazines, these compounds -- phenazine-1-carboxylic acid 

(PCA), phenazine-1-carboxamide (PCN), and pyocyanin (PYO) -- undergo reversible, 

coupled 2e−, 2H+ redox transformations under physiological conditions (Scheme 1). We 

systematically subjected oxidized and reduced samples of these three phenazines to 

environmentally relevant pH and ionic strength conditions and measured their octanol/water 

distribution coefficients. Our results depended heavily on redox state and deviated 

substantially from predictions made by four leading cLogP prediction algorithms. 

 

To expand our understanding beyond the subset of P. aeruginosa phenazines, we conducted 

additional experiments with phenazine and 1-hydroxyphenazine and performed density 

functional theory analysis on the compounds studied. We show that lipophilicity, and 

therefore the expected biological distribution of some phenazines, is modulated in a redox-

dependent manner. We suggest this might be a hitherto unappreciated and more broadly 

applicable mechanism by which the spatial distribution of bioactive molecules is controlled 

by certain bacteria. These findings have important ramifications for the prediction of redox-

active compound lipophilicity, demonstrating that it is essential that the cLogP or cLogD of 

the compound is calculated not only at the appropriate pH, but also in the relevant redox 

state. Even then, care must be taken to ensure the chosen algorithm captures the effects of 

redox-mediated intramolecular hydrogen bonds. Taken together, our results suggest that 

redox state exerts a fundamental control on lipophilicity for natural and artificial phenazines, 

and likely for other similar redox-active molecules, a fact that is both underappreciated 

experimentally and not accounted for in silico. 
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Scheme 1. The redox equilibria and pKa values of phenazine-1 carboxamide (PCN), 

pyocyanin (PYO), phenazine-1 carboxylic acid (PCA), 1-hydroxyphenazine, and phenazine (15-

19). All potentials are relative to the Standard Hydrogen Electrode (8). PCN is not predicted to 

change ionization state within the physiological pH range (3-10) explored in this study (15). 

Experiments with 1-hydroxyphenazine and phenazine were only conducted at pH 7.2 

 

Results and Discussion 

 

Existing algorithms fail to predict redox dependence of phenazine lipophilicity 

Experimental determination of LogP values is more time and resource intensive than 

calculation of cLogP values, so we began our study by comparing our initial experimental 

measurements with cLogP values from four leading prediction algorithms: miLogP, iLOGP, 

KOWWIN, and XLOGP3 (20-28) (see Appendix A for additional algorithm details). 

Because the algorithms are primarily trained on neutral compounds, we limited our 

comparison to neutral forms of oxidized and reduced PCA, PCN, PYO, and 1-OH phenazine. 

But despite the relative simplicity of these phenazine structures, no individual algorithm 

accurately predicted the redox sensitivity of their lipophilicities (Figure 1). The fragment-

based miLogP algorithm, developed using a test set of more than 12,000 mostly drug-like 

molecules, predicts essentially no offset between oxidized and reduced phenazines. The 

iLOGP algorithm, which considers a whole molecule's solvation energy in water and in 

octanol, does predict offsets between oxidized and reduced phenazines. But it generally 

predicts the oxidized form of a phenazine to be more lipophilic, which is the opposite of the 

experimental trend. The most accurate algorithm, KOWWIN from the US Environmental 
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Protection Agency, is based on atomic and molecular fragment contributions adjusted with 

empirical correction factors to account for more complex behavior like hydrogen bonding. 

The KOWWIN algorithm accurately predicts the enhanced lipophilicity of the reduced forms 

of PCN, PCA, and PYO, but it exaggerates the effect for PCN and predicts the wrong 

directionality for 1-OH phenazine, predicting that 1-OH phenazine is more lipophilic when 

reduced (the opposite is observed experimentally). The atom-based XLogP3 algorithm 

makes a similar error with 1-OH phenazine and predicts an unobserved redox-sensitive offset 

for phenazine, suggesting that while these two algorithms accurately capture some aspects 

of phenazine behavior, they are still missing some subtleties of phenazine redox chemistry. 

The algorithms all dramatically overestimate the lipophilicity of PYO in both redox forms. 

Given that these algorithms fail to predict experimental lipophilicities for neutral phenazines, 

and the fact that several P. aeruginosa phenazines are charged under physiological 

conditions, we continued our investigation by systematically measuring reduced and 

oxidized phenazine LogD values for PCN, PCA, and PYO across biologically relevant pH 

and ionic strength conditions. 
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Figure 1: Existing cLogP prediction algorithms fail to capture redox-dependent 

lipophilicity changes. In all panels, closed circles denote experimental values from this study, 

while open squares indicate cLogP predictions (see Appendix A for additional algorithm and 

measurement details). In all cases, black symbols are for the oxidized phenazine while blue 

symbols are for the reduced phenazine. A) miLogP predictions. B) KOWWIN predictions C) 

iLogP predictions. D) XLogP3 predictions. All measurements and predictions are for neutral 
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forms of the molecules, meaning experiments were conducted at pH 7.2 except in the case of 

PCA (pH 3).  

 

Phenazine lipophilicity is sensitive to both functionalization and redox state 

Across the pH range 3 to 10, reduced PCN maintains a slightly elevated lipophilicity relative 

to the oxidized form (Figure 2A). The difference is most pronounced at high pH. But in a 

given redox form, PCN exhibits only small variations in LogD between low and high pH, 

consistent with its predicted pKa values of 14.2 (strongest acidic) and 1.3 (strongest basic), 

which suggest it exists solely in its neutral form across the measured pH range (15). In 

contrast, PCA contains a carboxylic acid with a pKa of 4.24 (17). Above this pKa, the 

majority of the molecules present will be ionized, while below the pKa, we expect the 

protonated, neutral carboxylic acid form to dominate, permitting greater solubility in the 

octanol phase and increasing measured lipophilicity. As expected, at low pH, PCA is 

significantly more lipophilic than at neutral or high pH, regardless of redox state. But in all 

cases, reduced PCA is more lipophilic than oxidized PCA by about an order of magnitude 

(Figure 2B). Remarkably, according to our measurements, the reduced, neutral form is over 

5 orders of magnitude more lipophilic than the oxidized, ionized form. This large range in 

measured values is supported by the qualitative observation that the neutral, reduced form is 

highly insoluble in water, while the ionized, oxidized form is highly soluble in water (29).  At 

all pH values, reduced PYO is more lipophilic than oxidized PYO (Figure 2C). The 

difference in lipophilicities is most significant at low pH, where both forms of the molecule 

are expected to be charged. But a separation of an order of magnitude persists even at high 

pH, where both forms are neutral (16). The influence of ionic strength was also investigated 
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systematically, but as results conformed to expectations, the data is shown in the 

supplement (Figure A18 and Table A8 in Appendix A). 

 

 

 

Figure 2. Phenazine lipophilicity is differentially sensitive to pH. Panels A, B, and C: 

measured LogDpH values for PCN, PCA, and PYO, respectively. Within each panel, open 

circles represent the reduced form of the phenazine, while closed circles represent the 

oxidized form. Dashed lines denote pKa values of the oxidized phenazines from the 

literature. When greater than the size of the marker, standard deviations are depicted as 
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vertical lines. Phenazines were equilibrated in 20 mM MOPS that was overwhelmed with 

small amounts of 100 mM HCl or NaOH to achieve the desired pH. Concentrations of 

phenazines in both the octanol and water phases were measured by HPLC (See Appendix A 

for additional details). Panel D: protonation states with previously measured pKa values (16, 

17). PCN is not predicted to change ionization state within the physiological pH range (3-

10) explored in this study (15). Measured values are available in the Supporting Information 

(Tables A8 and A9). 

 

 

Intramolecular hydrogen bonding contributes significantly to lipophilicity changes 

Given the limited structural change between oxidized and reduced phenazines, we were 

interested in understanding the sometimes substantial redox state-dependent changes in 

compound lipophilicity. That redox state does not substantially affect the lipophilicity of 

unsubstituted phenazine (LogD = 2.66 oxidized, 2.63 reduced) led us to hypothesize that the 

1-position substituents are likely responsible for the observed changes. The key difference 

between the oxidized and reduced form of phenazines is the addition of a hydrogen atom to 

the pyrazine nitrogen, converting it from a hydrogen bond acceptor to a hydrogen bond 

donor. This changes the ability of this moiety to interact with the substituent at the 1-position 

on the phenazine ring (30) To test this hypothesis, we probed phenazine-solvent interactions 

using density functional theory (see Appendix A for computational details). The strength of 

the intramolecular hydrogen bond was calculated for all structures, comparing the hydrogen 

bonded ‘closed’ form, versus the non-hydrogen bonded ‘open’ form conformation (Figure 

A1 and Table A1). These were established based on the presence of a new intramolecular 
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hydrogen bond between the 1-position substituent and pyrazine nitrogen upon rotation of 

the substituent at the 1-position (31). Energies of solvation in octanol and in water were then 

calculated and used to predict the effects of intramolecular hydrogen bonding on the cLogD 

value of a given molecular form (Figure A2) (32-34). To compare lipophilicities across 

redox states, we performed natural bonding orbital (NBO) analysis of phenazines in their 

reduced and oxidized forms, analyzing for constructive orbital overlap, indicating favorable 

hydrogen bonding between the pyrazine nitrogen and 1-position substituent (Table A3) (35, 

36). We reasoned that a larger energy contribution generated from the second order 

perturbation theory analysis would result in a stronger NBO interaction which would deter 

intermolecular hydrogen bonding with water, thus increasing overall lipophilicity. 

 

We began by looking at PCA, which, at physiological pH, is negatively charged and can 

form a strong (14.9 kcal/mol, Figure 3A) six-membered hydrogen bonded ring with the 

carboxylate group in its reduced form, an interaction that is not possible in the oxidized form. 

We speculated that the formation of this hydrogen bond disperses some of the carboxylate 

negative charge, resulting in less effective solvation of the molecule by water and 

consequently an increased lipophilicity compared to the oxidized form. The same situation 

is observed in PYO: no hydrogen bond is present in the oxidized form, but in the reduced 

form a hydrogen bond (0.71 kcal/mol, Figure 3B) can form between the pyrazine NH and 

the 1-position hydroxyl group. Again, this results in the reduced pyocyanin being more 

lipophilic than the oxidized form, as the oxidized form can be more readily solvated by water 

in the absence of the intramolecular hydrogen bond. 
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Interestingly, 1-hydroxyphenazine exhibits the opposite change in lipophilicity between 

the redox states; here the oxidized form is more lipophilic than the reduced form. The 

hydrogen bonding situation here is more complex, as a 5-membered hydrogen bond can form 

in both redox states. In the oxidized form of 1-hydroxyphenazine the pyrazine nitrogen lone 

pair forms a stronger hydrogen bond (3.1 kcal/mol, Figure 3C) with the 1-position hydroxyl 

group. In the reduced form, the 1-position phenolic oxygen donates its lone pair to form a 

hydrogen bond with the hydrogen atom attached to the pyrazine nitrogen. This hydrogen 

bond is weaker (0.65 kcal/mol Figure 3C), presumably because the oxygen atom is a less 

effective lone pair donor compared to the nitrogen atom, due to its increased 

electronegativity, resulting in less electron donation into the antibonding orbital of the N-H 

bond (37). The weaker hydrogen bond in the reduced form enables more effective solvation 

by water, meaning that it is less lipophilic than the oxidized form.  

 

When examining PCN, we noticed a more subtle difference in lipophilicity between redox 

states, which can be explained by analyzing the difference in strength of the intramolecular 

hydrogen bonds. Due to the structure of PCN, a hydrogen bond can again form in both the 

reduced and oxidized forms. In the reduced form, a hydrogen bond is predicted to form 

between the pyrazine NH and the amide carbonyl oxygen atom. In the oxidized form the 

nitrogen atom of the pyrazine ring donates its lone pair to form a hydrogen bond with one of 

the amide NH2 hydrogen atoms. The strengths of these hydrogen bonds are predicted to be 

similar (Figure 3D), likely explaining the more similar lipophilicity between the two redox 

forms. The lower lipophilicity of the oxidized form is proposed to result from easier solvation 



 

 

43 
of the more electronegative carbonyl oxygen atom, which is more readily presented to the 

solvent in this form. 

 

 

Figure 3: Intramolecular hydrogen bonding contributes significantly to lipophilicity 

changes. Natural Bonding Orbitals with their respective interaction energies generated by the 
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intramolecular hydrogen bond calculated at the uwb97xD/cc-pvDZ-cpcm(H2O) level of 

theory for PCA (A), PYO (B), 1-hydroxyphenazine (C), and PCN (D). Predicted hydrogen 

bonds are indicated using dotted maroon lines. (E&F) Change in LogD values (ΔLogD) due to 

the formation of an intramolecular hydrogen bond plotted vs the change in intramolecular 

hydrogen bond strength (ΔEHB) due to changes in solvent, calculated at the uwb97xD/6-

311+g(d,p)-SMD(solvent)//uwb97xD/cc-pvDZ-cpcm(solvent) level of theory. A larger 

difference in EHB, when going from water to octanol, directly correlates to a larger increase in 

lipophilicity when going from the open to closed form. Detailed structures and calculations can 

be found in the Supporting Information (Figure A6-A13). 

 

To isolate and analyze the effect of the intramolecular hydrogen-bond on lipophilicity, we 

compared the change in LogD values (ΔLogD) due to the formation of an intramolecular 

hydrogen bond to the change in intramolecular hydrogen bond strength (ΔEHB) due to solvent 

changes (Figure 3F; Appendix A Figures A3 and A4, Tables A1 and A2). As expected, a 

larger difference in the strength of the hydrogen bond in water as compared to octanol 

directly correlates to a larger increase in lipophilicity when going from the open to closed 

form. This demonstrates that the strength of the intramolecular hydrogen bond in octanol will 

directly impact lipophilicity. Our calculations also suggest that for a given redox state, closed 

forms of PCA, PCN, and PYO all exhibit increased lipophilicity compared to their ‘open’ 

forms.  

 

Taken together, the data described above suggest that intramolecular hydrogen bonding 

contributes to enhanced lipophilicity of reduced forms of PCA>PYO>PCN, which aligns 
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well with our experimental observations. Intramolecular hydrogen bonding in 1-OH 

contributes to slightly increased lipophilicity in the oxidized form. As there is no possibility 

for intramolecular H-bonding in either the oxidized or reduced forms of unsubstituted 

phenazine, these compounds exhibit essentially the same lipophilicity. 

 

Redox state controls biological PYO retention 

As a case study to assess the biological consequences of redox-mediated changes to PYO's 

lipophilicity, we experimented with late stationary phase P. aeruginosa PA14 cells in liquid 

culture (see Appendix A for additional details). In the first experiment, cells were grown for 

20 hours, then subdivided into two aliquots – one centrifuged and washed under anoxic 

conditions with sparged buffer, where we expect the phenazines to be and remain reduced, 

the other under normoxic conditions (atmospheric O2, 21%) with unsparged buffer, where 

we expect the phenazines to remain oxidized. Extracellular PYO concentrations were 

measured in the culture supernatant and wash supernatant by HPLC (see Appendix A for 

method details). After three washes with N2-sparged anoxic buffer, the cells continued to 

release a quantifiable amount of PYO (3.5 ± 0.4 µM). And after a fourth wash with normoxic 

buffer, the cells released 11.3 ± 0.1 µM PYO. On the other hand, the cells washed with 

normoxic buffer released PYO concentrations that were below the limit of quantification 

(sub 150 nM) by the third wash and that could not be detected (sub 25 nM) by the fourth 

wash. Together, these results demonstrate that the more lipophilic reduced form of PYO is 

strongly retained by the bacteria, while the less lipophilic oxidized form of PYO is easily 

washed away by aqueous buffer. The redox-mediated change to PYO’s lipophilicity explains 

this observed change in cellular retention, which has previously been observed to interfere 
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with measurement of intracellular NADH/NAD+ ratios: measurements of NADH/NAD+ 

ratios in pyocyanin producers must be made under anoxic conditions because, in normoxic 

conditions, oxidized PYO skews measurements by diffusing out of the cell pellet and directly 

oxidizing NADH, leading to artificially low NADH/NAD+ ratios (38). Moreover, hitherto 

puzzling observations of quenching of certain oxygen probes by bacterial cultures containing 

reduced PYO but not oxidized PYO can now be understood in light of our results (39). 

 

Unexpectedly, we observed a large difference between the supernatant PYO concentrations 

in the normoxic aliquots of cells (60 ± 7 µM) compared to the anoxic aliquots of the same 

culture (34 ± 3 µM). Calculations made by approximating the volume of the cells suggest 

that intracellular PYO concentrations in the anoxic condition reached millimolar levels 

(estimated at >3 mM), roughly 2 orders of magnitude greater than extracellular 

concentrations observed in the supernatant (see Appendix A for retention calculation 

details). 

 

To validate this estimate and determine whether partitioning into the membrane is 

responsible for biological PYO retention, we conducted an additional experiment in which 

1L of dense P. aeruginosa cells grown aerobically in LB (OD500 = 4.7), were removed from 

the shaking incubator and allowed to reduce their extracellular phenazines while standing on 

the benchtop (the culture changed from blue/green, indicating oxidized PYO, to colorless, 

indicating reduced PYO). Cells were then pelleted and lysed using a high pressure 

homogenizer, and the membrane fraction was isolated by ultracentrifugation. Throughout 

this process, the pellet, the lysed cells, and the membrane fraction remained colorless, 
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presumably due to abiotic reactions between PYO and NADH and other residual cellular 

reducing agents. The membrane fraction was weighed and then extracted with MeOH. Upon 

addition of MeOH during the first extraction, the membrane fraction and added solvent 

turned bright blue, indicating oxidized PYO. After the third extraction, the ultracentrifuged 

membrane pellet and the overlying MeOH were colorless. Both the pooled membrane extract 

and the original culture supernatant were measured by HPLC to determine PYO 

concentrations. While the extracellular medium contained 0.03 µmol PYO per gram medium 

(essentially the same concentration as measured in the anoxic aliquot from the first biological 

retention experiment), the wet membrane fraction contained nearly two orders of magnitude 

more: 2.2 µmol PYO per gram (See supporting information for membrane concentration 

calculation details). This suggests that membrane retention, which is expected to correlate 

directly with lipophilicity, is responsible for significant retention of reduced PYO in vivo. 

 

Conclusion 

 

Our results indicate that even minor changes to the substituent at the 1-position (or the 

symmetric 6-position) can significantly alter phenazine lipophilicity by facilitating 

intramolecular hydrogen bonding. If a 1-position substituent can accept a hydrogen bond 

from a reduced pyrazine nitrogen, the lipophilicity of the reduced form compared to the 

oxidized form can be enhanced by over an order of magnitude. The sensitivity of a 

fundamental property like lipophilicity to substitutions at the 1-position is particularly 

intriguing given PCA or its symmetric counterpart 1,6-phenazine dicarboxylic acid are 

intermediates in all the known biosynthetic pathways for microbial phenazine. Changes in 
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lipophilicity due to the local pH and redox environment, especially dramatic changes of 

the magnitude observed for PCA, likely dictate natural phenazines' abilities to traverse 

membranes, biofilms, soils, and tissues. In general, higher lipophilicities are expected to 

correlate with increased retention in organic phases and decreased water solubility and 

aqueous transport. As is the case for quinones and quinols, changes in lipophilicity likely 

also influence phenazine affinities for protein binding pockets (40), enhancing or limiting 

their interaction with components of the electron transport chain or with detoxifying or 

degrading enzymes.  

 

The ability to effect such significant changes to a fundamental thermodynamic property 

through the modification of a single molecular substituent gives phenazine producers a 

remarkable evolutionary handle for tuning the functions of these secreted metabolites to the 

needs most pressing in their respective niches. Unlike many secondary metabolites, including 

most antibiotics, which are large or complex enough that their basic properties are difficult 

to change without significant structural modification, phenazine lipophilicity is highly 

sensitive to minor structural alterations, which can often be accomplished by a single 

enzyme. Perhaps this flexibility helps explain their prevalence and structural diversity across 

diverse niches (6, 41), including host-microbe systems.  

 

In the case of reduced pyocyanin, the measured enhancement in lipophilicity predicts 

increased biological retention, which is observed in anoxic cell pellets, despite the expected 

expression of an entire suite of efflux pumps capable of actively pumping phenazines out of 

the cell (42, 43). There is thus good reason to believe that lipophilicity changes can play an 
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important role even in contexts where active biological processes compete with abiotic 

processes like diffusion and partitioning. The extremely elevated levels of pyocyanin 

measured in the membrane suggest a different biological role than is typically appreciated 

for this metabolite, which is often treated as both toxic and primarily extracellular. One 

possible explanation is that in oxygen limited environments, PYO, and possibly other 

phenazines, play a direct role like that of quinones in the P. aeruginosa electron transport 

chain. In the archaeal methanogen Methanosarcina mazei, the hydrophobic 

methanophenazine plays a role similar to ubiquinone, accepting electrons from 

dehydrogenase enzymes and donating electrons to a heterodisulfide reductase enzyme (43). 

In P. aeruginosa, phenazines are produced in aerobic cultures during early stationary phase, 

as oxygen becomes limited due to increased consumption by the high density of cells. 

Furthermore, PCN and PYO are known to accept electrons from dehydrogenase enzymes in 

the electron transport chain (45, 46) and donate their electrons to quinones (46, 47). Direct 

participation in redox reactions coupled to cellular survival could help explain the elevated 

intracellular concentrations found in this study. But even compared to known quinone 

concentrations in growing Escherichia coli (47), our measurements are elevated by a factor 

of 5-10, suggesting further study is needed to illuminate the function of PYO in the 

membrane. 

 

Octanol and water are imperfect substitutes for the complexities of the cell membrane and 

the cytosol, which are unlike any media used regularly in the lab (49). But the indication 

from simple, reductionist shake flask measurements that redox state is a fundamental control 

on phenazine lipophilicities led us to determine that simple modifications to the phenazine 
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core structure provide microbial phenazine producers the opportunity to tune phenazine 

mobility strongly both within and beyond the cell. The understanding that this modulation 

stems from facilitation of intramolecular hydrogen bonding may help explain the profusion 

of phenazine analogs in different environmental niches. In addition, the suggestion from 

LogD measurements that reduced PYO might be retained by the membrane inspired our 

determination of the intracellular and intramembrane concentrations of the reduced 

metabolite. That it is retained primarily within the cell, despite being conventionally 

described as a “secreted” metabolite, both challenges our conceptualization of these 

compounds and points to an underappreciated physiological role for phenazines in the 

membrane. These results reinforce the ability of the octanol-water partition coefficient to 

transcend the complexity of bulk biological environments and lead to new understanding. 

While LogD measurements and cLogP predictions are generally used to predict 

environmental fate and inform pharmaceutical research, here they offer fresh insight into 

subcellular and extracellular metabolite localization, pointing us toward a new biological role 

for a molecule that has been studied for nearly 100 years (50). 
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Chapter 3 

PHENAZINE PRODUCTION INDUCES LIPID REMODELING IN THE 

PSEUDOMONAS AERUGINOSA CELL ENVELOPE 
KOT conceptualized the project, performed the experiments prior to lipid extraction, and 
interpreted the results. Dr. Binyou Wang performed the lipid extraction, detection, and data 
analysis. 
 
Abstract 

The cell envelope of the opportunistic pathogen Pseudomonas aeruginosa plays several 

crucial roles, protecting against environmental change, facilitating active and passive 

transport of nutrients, excluding toxins, and enabling the production and maintenance of a  

proton motive force (PMF). Because of these vital functions, the properties of the membranes 

that constitute this envelope are closely controlled by the cell, which changes the specific 

lipid composition of the inner and outer membrane in response to environmental factors like 

temperature, nutrient availability, and antibiotic stress. The recently documented redox-

sensitive lipophilicity of the phenazine metabolites produced by Pseudomonas aeruginosa 

and the elevated levels of pyocyanin measured in the membrane fraction of lysed cells 

suggest that phenazines might impact membrane properties by partitioning into these lipid-

rich phases and disrupting important lipid-lipid and lipid-protein interactions. Here we 

demonstrate that WT P. aeruginosa PA14 cells grown to late stationary phase in a condition 

promoting phenazine production possess starkly different lipid compositions compared to 

identically grown ∆phz mutants lacking phenazine biosynthesis genes. Whether these 

changes are the result of genetic regulation, perhaps caused by direct interaction of 

phenazines with regulatory enzymes like the transcription factor SoxR, or the result of more 
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generic responses to changes in membrane properties like fluidity will require a series of 

more detailed follow up studies which I outline at the end of this chapter. 

Introduction 

The Pseudomonas aeruginosa cell envelope, like those of other gram-negative bacteria, 

consists of an asymmetric outer membrane, containing a high proportion of the 

lipopolysaccharide LipidA in the outer leaflet, and an inner membrane separating the 

periplasm from the cytoplasm (1). Between these two membranes lies the cell wall, which in 

P. aeruginosa is composed primarily of a rigid layer of peptidoglycan (Figure 1). The 

composition of the outer and inner membranes consists of a diverse blend of lipids with 

tunable combinations of various headgroups -- primarily phosphatidylethanolamine and 

phosphatidylglycerol -- attached to fatty acid tails of various lengths and degrees of 

unsaturation (2, 3). Changes in membrane lipid composition affect membrane properties like 

fluidity, as well as the presence and character of specific lipid domains that in turn affect the 

assembly and function of respiratory enzymes (4, 5). 



 

 

62 

62 

 

Figure 1: Architecture of the gram negative bacterial cell envelope. The outer membrane 

consists of a lipopolysaccharide-rich outer leaflet (long appendages depicted here are primarily 

Lipid A in P. aeruginosa) and an inner lipid leaflet containing both lipoproteins (LP) and 

transmembrane peptidoglycan-associated proteins (A) that share the periplasmic space (PPS) 

with nutrient binding proteins (BP). Pore forming trimeric proteins (PP) permit solute passage 

through the outer membrane. The inner cytoplasmic membrane (CM) is located just inside the 

rigid peptidoglycan cell wall (PG) and is composed of a lipid bilayer interspersed with carrier 

proteins (CP)  and respiratory chain components including the quinone pool and dehydrogenase 

and terminal oxidase enzymes capable of generating a proton motive force (not pictured). 

Reproduced with permission from Biochimica et Biophysica Acta 737 (1983), 51-115 (1). 
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Because membrane properties are so closely linked to critical cellular functions, 

Pseudomonas aeruginosa is known to alter its membrane properties in response to 

environmental stress. When confronted with decreasing extracellular pH, P. aeruginosa 

responds by increasing the viscosity and lowering the permeability of its inner membrane 

(6.) When limited by phosphorous availability, P. aeruginosa diminishes the ratio of typical 

phosphorous-containing lipid headgroups in favor of phosphorous-free glycolipids. In 

addition to addressing nutrient stress common in infection contexts, this adaptation increases 

cells’ resistance to the antibiotic polymyxin B and may decrease susceptibility to phage 

attacks (7, 8). 

The stress of entering stationary phase, typically characterized by nutrient or oxidant 

limitation due to crowding, also provokes significant lipid remodeling. As it enters stationary 

phase, P. aeruginosa cyclopropanates many of its fatty acids (2). This response has also been 

observed when P. aeruginosa forms biofilms or is confronted by oxidative stress (3, 9). 

Because of their unique structures, cyclopropanated fatty acids are believed to both stabilize 

membranes by limiting along-chain motion within their fatty acyl groups, and enhance 

internal membrane fluidity by promoting disorder toward the center of the lipid bilayer (10-

12).   

Coincident with the start of stationary phase, wild type (WT) P. aeruginosa cells generally 

begin producing phenazines, often resulting in extracellular concentrations over 100µM by 

late stationary phase (13). Beyond planktonic conditions, phenazines are also believed to be 

essential in biofilm contexts, where they promote extracellular electron transfer from the 

biofilm’s oxygen-starved core to the aerobic periphery (14, 15). Phenazines are redox-active 
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and can cause oxidative stress by generating superoxide and by stealing reducing equivalents 

directly from cellular components in the membrane and the cytosol (16, 17). The 

transcription factor SoxR, when oxidized by pyocyanin, causes a phenazine-specific 

regulatory response that includes expression of multidrug efflux pumps (18). As detailed in 

Chapter 1, reduction of the three main phenazines produced by P. aeruginosa PA14 (PCA, 

PCN, and PYO) results in intramolecular hydrogen bonding that causes the phenazines to 

become more lipophilic. In the case of pyocyanin, which is generally considered a specific 

target of the efflux pumps under the control of SoxR, the abiotic change in lipophilicity 

appears to be significant enough to cause dramatic accumulation in the membrane (19, 20). 

Membranes extracted from stationary phase planktonic cells contained pyocyanin at a 

concentration approximately 100 times that found in the extracellular medium.  

This incredible concentration of this highly reactive metabolite in the cell membrane is 5-10 

times higher than that of native quinones (21) and could reasonably interfere with both lipid-

lipid and lipid-protein interactions that are vital to cellular survival. Disruptions in the 

hydrophobic forces holding the lipid bilayer together could cause devastating structural 

changes with attendant effects on permeability (22, 23). A “leaky” inner membrane could 

both diminish exclusion of extracellular toxins and, by allowing protons to leak back across 

the membrane, could dramatically increase the metabolic flux required to maintain a 

sufficient PMF. Both of these energy sinks could prove catastrophic in the nutritionally 

limited context of a biofilm or in planktonic stationary phase. In addition, lipid-quinone and 

lipid-protein interactions essential to the function of the respiratory chain could also be 

disrupted by large quantities of pyocyanin or other hydrophobic phenazines in the membrane. 
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Given that P. aeruginosa cells evolved to produce phenazines, it is reasonable to believe that 

they also evolved strategies to mitigate any deleterious phenazine-mediated membrane 

disruptions and preserve critical respiratory functions. Indeed, phenazine-deficient ∆phz 

mutants of P. aeruginosa PA14 exposed to exogenous pyocyanin during exponential growth 

appear to upregulate SoxR controlled efflux pumps but also several hypothetical proteins 

(13), two of which have orthologs apparently related to lipid modification: PA3515, is an 

ortholog of pmtA, a phospholipid methyltransferase known to affect PYO production and 

biofilm formation (24); and PA3520 is a putative periplasmic substrate binding protein with 

97% structural similarity to protein 5T1P in Campylobacter jejuni and a predicted ligand 

identical to P. aeruginosa’s most abundant lipid headgroup phosphatidylethanolamine (PE) 

(25, 26).  But, possibly because phenazines have not previously been appreciated to 

accumulate in cell membranes, to our knowledge no work has been done to understand the 

specific effects of endogenous phenazines on P. aeruginosa lipid composition. To test our 

hypothesis that cells change their lipid composition in response to endogenous phenazines, 

we conducted a preliminary lipidomics study to search for changes in membrane composition 

between WT P. aeruginosa PA14 cells and phenazine-deficient ∆phz cells. 
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For the purposes of this report, lipids will be referred to using an abbreviation of the style 

XX(N:M) in which XX is a letter code referring to the headgroup and (N:M) is a description 

of the combined fatty acyl tails composed of N total carbons with M total double bonds. 

When available, information about individual acyl groups will be reported using the same 

N:M nomenclature with the possible addition of information about the location and 

orientation of double bonds as (YE) for a trans double bond at carbon number Y, or (YZ) for 

a cis double bond at carbon Y.  Table 1 describes the headgroups measured in this study. 

Table 1: Descriptions of the major lipid headgroups measured in this study. R groups 

refer to generic fatty acyl tails attached to the headgroup by ester bonds. 

Abbreviation Name Structure 

DG Diacylglycerol 

 

DGDG Diglycosyldiacylglycerol 

 

CL Cardiolipin 
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MLCL Monolysocardiolipin 

 

PA Phosphatidic acid 

 

LPA Lysophosphatidic acid 

 

PC Phosphatidylcholine 

 

LPC Lysophosphatidylcholine 

 

PE Phosphatidylethanolamine 
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LPE Lysophosphatidylethanolamine 

 

PG Phosphatidylglycerol 

 

LPG Lysophosphatidylglycerol 

 

Methods 

Culture conditions 

Four biological replicates each of wild type (WT) and ∆phz P. aeruginosa cells were 

inoculated from LB agar plates into 5 mL tubes of LB medium. Cells were grown aerobically 

at 37 oC with shaking (250 RPM) for 20 hours, by which time they had reached late stationary 

phase. Culture densities were measured by absorbance at 500 nm to avoid interference from 

pyocyanin produced by WT cells. Cells were then harvested by centrifugation and 

supernatant was diluted 1:1 with MeOH for phenazine measurement by HPLC. Cell pellets 

were washed twice with fresh PBS and stored at -20 oC until lipid extraction, described 

below. 

 

Liquid chromatography phenazine measurements 
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Phenazine measurements were performed on a Waters Alliance HPLC connected to a Waters 

2998 PDA detector set to detect wavelengths from 200-800nm at 20Hz with 1.2nm 

resolution. We used a C18 column (XBridge BEH 2.5µm particle size, 3 x 100mm) and the 

following basic gradient method (final pH  ≥ 9), using solvent A (H2O + 2% v/v MeOH + 

0.1% v/v NH4OH) and Solvent B (acetonitrile + 2% v/v MeOH + 0.1% v/v NH4OH) at 0.5 

mL/min: 0-6 minutes: linear gradient from  98%A, 2%B to 80%A, 20%B; 6-8 minutes: linear 

gradient to 5%A, 95%B; 8-9 minutes hold at 5%A, 95%B; 9-9.1 minutes: linear gradient to 

98%A, 2%B; 9.1-16 minutes: hold at 98%A, 2%B.  

A standard curve was prepared using the same method and was used to assess concentrations 

of PCA, PCN, and PYO down to 150nM. Prior to introducing them to the column, pellet 

supernatant samples were diluted 1:1 with MeOH and incubated at 0 oC for at least one hour 

to encourage protein precipitation. Samples were then centrifuged at 16,000 x g for 1 minute, 

and the resulting supernatant was stored at 10 oC until measurement. 

Phenazines were monitored at the following retention times and wavelengths: PCA: 364 nm, 

2.5 minutes; PYO: 313 nm, 6.3 minutes; PCN: 248 nm, 12.0 minutes. Concentrations were 

determined by comparing peak areas at the stated wavelengths to standard curves of authentic 

standards produced using the same chromatography and detection methods. 

Lipid extraction 

Lipid extraction was performed using a tert-butyl methyl ether (MTBE)-based protocol (27). 

PBS-washed cell pellets were resuspended in 70 µL water, followed by addition of 232 µL 

methanol and 20 µL (10× diluted) internal standard mixture. Subsequently, 840 µL MTBE 

was added and samples were incubated for 1 h at room temperature with shaking. Phase 

separation was induced by adding 150 µL water, followed by incubation for 5 min at room 
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temperature and centrifugation at 1,000 × g for 10 min. The upper organic phase (750 µL) 

was collected and transferred to glass autosampler vials (Thermo, 6PSV9-1PG) and dried 

overnight under vacuum. 

Liquid Chromatography for Lipid Separation 

Dried lipid extracts were reconstituted in 500 µL of Solvent B (isopropanol/acetonitrile/ 

water, 88:10:2, vol/vol) containing 10 mM ammonium formate and 0.1% (vol/vol) formic 

acid. Lipids were separated by reversed-phase LC on a Vanquish Core system (Thermo 

Fisher Scientific) equipped with an Accucore C30 column (150 × 2.1 mm, 2.6 mm, 150 Å, 

Thermo Fisher Scientific). Mobile phase A from LC system was acetonitrile/water, 60:40, 

v/v with 10 mM ammonium formate and 0.1% v/v formic acid and Mobile phase B from LC 

system was isopropanol/acetonitrile/water, 88:10:2, vol/vol both containing 10 mM 

ammonium formate and 0.1% vol/vol formic acid. Separation was performed at 45 °C at a 

flow rate of 0.26 mL/min using the following gradient: 0–2 min, 30–43% B (curve 5); 2.1–

12 min, 43–55% B (curve 5); 12–18 min, 65–85% B (curve 5); 18–20 min, 85–100% B 

(curve 5); 20–25 min, 100% B isocratic; 25.1–28 min, 100%–30% B (curve 5) followed by 

7 min re-equilibration at 30% B.  

Mass spectrometry for Lipid Detection 

LC was coupled to an Orbitrap Exploris™ 240 mass spectrometer (Thermo Fisher  

Scientific) with a heated electrospray ionization (HESI) source. Mass spectra were acquired 

in positive and negative modes with the following ESI parameters: sheath gas, 40 (Arb); 

auxiliary gas, 10 (Arb); sweep gas, 0 (Arb); spray voltage, (+)3.25 kV (positive ion mode); 

(−)3 kV (negative ion mode); Ion transfer tube temperature, 300 °C; S-lens RF level, 70; 

Vaporizer temperature, 275 °C. Data acquisition for lipid identification wasperformed in 

data-dependent acquisition mode (DDA) full scan with MS/MS. The full scan has the 
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resolution of 120,000, AGC target set to standard mode, maximum injection time set to auto 

mode in a scan range of m/z 100–1,200. Data-dependent MS/MS scans were acquired with 

a resolution of 15,000, AGC target set to standard mode, maximum injection time set to auto 

mode, isolation window of 1 m/z and stepped normalized collision energies of 20, 30 and 40. 

A data-dependent MS2 was triggered (Cycle time of 1.2 s) when an AGC target of 2.5e3 was 

reached followed by a dynamic exclusion for 10 s. All isotopes and charge states >1 were 

excluded. Full scan spectra were acquired in profile type and MS/MS scans were acquired in 

centroid type. Data for lipid quantification in individual samples were acquired in full scan 

MS mode with the following parameters: resolution of 120,000, AGC target set to standard 

mode, maximum injection time set to auto mode in a scan range of m/z 100-1200. 

Lipid identification and quantification 

Raw data were processed using Compound Discoverer v3.4 (Thermo Scientific) coupled 

with Lipid search workflow using the following parameters: m/z tolerance for precursor mass 

selection set to 5 ppm; minimum peak intensity threshold 30,000; S/N threshold set  to 1.5; 

Peak rating threshold set to 0.4; Gap fill enabled with a 1.5 S/N threshold, 3 minimum scans 

per peak. For lipid identification, triacylgylcerols, diacylglycerols were identified as 

[M + NH4]+ adducts. Lysophosphatidylcholines, and acyl-, ether- and vinyl ether-PC, 

acylcarnitines, ceramides, cardiolipins and sphingomyelins were analyzed as [M + H]+ 

adducts. Lysophosphatidylethanolamines, and acyl-, ether- and vinyl ether-PE,  

phosphatidylserines, phosphatidylinositols and phosphatidylglycerol were analyzed as  

[M−H]- adducts. Acyl-, ether- and vinyl ethers were identified as [M−H]- adducts (28). 

Quantification was performed by peak integration of the extracted ion chromatograms of  
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most common ion adducts. Peak integration was first performed by CD then manually  

curated and adjusted. Identified lipids were normalized to peak areas of added internal 

standards to decrease analytical variation. Raw lipidomics data were analyzed using  

Compound Discoverer and exported as .csv files and plotted in GraphPad Prism 11.0.0  

(GraphPad Software). 

Results and Discussion 

This study was designed as a coarse search for changes in lipid composition between WT 

and ∆phz cells grown under phenazine-producing conditions. As expected, both WT and 

∆phz cells had reached late stationary phase when they were harvested at 20 h. At this time 

point, the WT cultures had produced an average of 35.4 ± 1.4 µM PCA, 55.7 ± 2.0 µM 

PYO, and 1.7 ± 0.1 µM PCN, and no phenazines were detectable in the supernatant of ∆phz 

cultures (Table 2). 

Table 2: Cell densities and measured extracellular phenazine concentrations from the cultures 

used in this study. Cells were grown to late stationary phase (20hr) in aerobic LB medium at 37 

oC. Phenazine concentrations were measured by HPLC as described above. No phenazines were 

detectable in ∆phz samples. Averages are reported ± the standard error. 

Sample OD500 [PCA] µM [PYO] µM [PCN] µM 

WT1 4.2 37.7 54.3 1.7 

WT2 4.4 36.4 57.2 1.9 

WT3 3.9 36.1 60.3 1.8 
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WT4 4.2 31.2 51.1 1.6 

Average WT 4.2  35.4 ± 1.4 55.7 ± 2.0 1.7 ± 0.1 

∆phz1 4.2 - - - 

∆phz2 4.5 - - - 

∆phz3 4.3 - - - 

∆phz4 4.4 - - - 

Average ∆phz 4.4  - - - 

 

LCMS lipidomics data was normalized in two separate ways: first to give a sense of relative 

lipid contents between strains, and second to reveal within-strain enrichments in individual 

lipids. To determine the lipid abundance differences between strains, we normalized lipid 

ion counts based on the assumption that the number of cells present in the different 

experimental conditions are the same. In this scheme, a larger ion count for a particular lipid 

class than the mean signal for that class indicates an enhanced abundance of that lipid. 

While WT and ∆phz cells do not grow significantly differently, ∆phz generally does exhibit 

a slight growth advantage and OD500 values are not directly comparable between strains. 

These caveats notwithstanding, what does appear to be the case based on between-strain 

normalization is that WT cells produce more of essentially all measured lipid types than ∆phz 

cells (Figure 2). Considering the slight growth advantage of ∆phz cells relative to WT, this 

normalization likely underestimates the difference between the strains, suggesting this result 
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is robust. In future experiments, normalizing to colony forming units or total protein 

measured by Bradford assay could prove more accurate than relying on OD measurements. 

Increased lipid production was found to be a hallmark of P. aeruginosa strains resistant to 

quaternary ammonium antibiotics, but the same effect was not noted for chloramphenicol 

resistant cells (29). In general, lipid bilayers cannot increase substantially in thickness 

because of the physicochemical forces holding the membrane together. The increased lipid 

abundance thus implies the possibility of morphological changes to WT P. aeruginosa cells 

compared to their ∆phz counterparts. One possibility is that cells increase their surface area 

by elongation. Alternatively, cells could create outer membrane vesicles that extend outward 

and eventually separate from the surface of an otherwise normal cell. If vesicles containing 

high concentrations of reduced PYO diffused to an oxic zone, they would presumably release 

their phenazine “payload,” either poisoning nearby competitors in an environmental niche or 

causing damage to host cells in an infection context. Electron microscopy observations may 

reveal morphological changes to the cell envelope and could also be used to look for outer 

membrane vesicles.  
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Figure 2: Stationary phase WT cells exposed to endogenous phenazines possess more 

total lipids than ∆phz cells exposed to no phenazines. The z-score shown in the heat map 

is calculated according to 𝑧 = 	 !-.
/

  where x is the raw ion count for that lipid class, µ is the 

population mean across all 8 samples for that lipid class, and 𝜎  is the standard deviation of the 
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population. For this analysis, culture density was presumed to be the same in both conditions so 

that ion counts could be compared as a proxy for lipid abundance. This likely represents a slight 

underestimation of ∆phz densities and thus likely results in a slight underestimation of the 

difference between the lipid composition of the strains. All lipids are named according to the 

nomenclature described in the Lipid Nomenclature section above. Associated headgroup 

structures appear in Table 1. 

 

To determine whether the general increased lipid abundance seen in the WT cells is a simple 

scaling of the same lipid composition observed in the ∆phz cells, we normalized the ion 

counts from individual lipid classes to the total lipid ion count within each replicate (Figure 

3). This normalization gives a sense of relative enrichments of specific lipids within each 

strain. The resulting heat map demonstrates significant differences between the WT and ∆phz 

lipid ratios, indicating substantially different lipid compositions at the 20 h time point.  For 

example, ∆phz cells appear to possess proportionally more diacylglycerol DG(34:3) and 

cardiolipin CL(68:2) than WT cells. Similarly, ∆phz cells appear to generally favor 

phosphatidic acid (PA) derivatives compared to their WT counterparts. The relative 

enrichment of PA(26:0) and PA(31:1) in ∆phz cells is particularly notable given these are 

the only two lipids measured at higher abundance in ∆phz cells than in WT cells. While more 

granular data is not available for every lipid measured, we were able to positively identify 

the acyl chains of PA(26:0) as 14:0 and 16:0 and those of PA(31:1) as 17:0, and 14:1(9Z).  
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Figure 3: Stationary phase WT cells exposed to endogenous phenazines possess 

different ratios of lipids than ∆phz cells exposed to no phenazines. Lipid abundances are 

normalized by dividing the ion count for the given lipid class by the total ion count of that 

sample. Following this calculation, the z-score depicted is then calculated using the mean (µ) and 

standard deviation (𝜎) of all 8 samples according to 𝑧 = 	 !-.
/

  .  
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Internally normalized ratios of phosphatidylcholine (PC) and phosphatidylethanolamine 

(PE) suggest that ∆phz cells and WT cells accumulate different ratios of these lipids based 

on acyl chain identity. Broadly, WT cells appear to favor PC(32:1), (32:2), and (33:0) as well 

as (35:2), (36:1), and (36:2). ∆phz cells by contrast display enrichments in PC (32:0), (33:1), 

(34:0), (34:1), (34:2), and (35:1). Existing lipidomics studies report 

phosphatidylethanolamine as the dominant lipid type in P. aeruginosa cells grown under a 

variety of conditions (Hancock et al. Benamara et al.). In our experiment, WT cells are 

enriched relative to ∆phz cells in all measured PE and lyso-phosphatidylethanolamine (LPE) 

species except PE (35:1) and PE (35:2). Phosphatidylglycerol enrichments follow a similar 

pattern: WT cells are enriched in nearly all measured PG species with the notable exceptions 

of PG (35:1) and PG (35:2). WT cells also possess a smaller proportion of PG (33:1) than 

their ∆phz counterparts.   

I will avoid interpreting these preliminary results, including the apparent preferences for 

specific fatty acyl chain lengths, too closely for a few reasons. First, the extraction 

protocol observed in this study might have suffered from the unwanted action of lipases 

and phospholipases that remained active during the PBS washes prior to lipid extraction 

with methyl tert-butyl ether (30). The resulting unintentional modification of the lipid 

pool, including potentially significant levels of deacylation, means that significant 

information might have been lost during the initial preparation of harvested cells. 

Because the abundance, activity, and selectivity of the lipases between the two strains are 

unknown, modifications to the WT pool could have been very different from those to the 
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∆phz pool. Second, the methods for identifying lipids in this study, including the internal 

standards used, reflect lipids found in eukaryotic cells and give no detailed information 

about some P. aeruginosa-specific lipids like cyclopropanated fatty acids, which are 

known to be abundant in stationary phase cells (2, 3). Finally, the normalization protocols 

used here can be improved upon by using total protein or a count of viable cells rather 

than a simple OD measurement. Nevertheless, there are clear differences in both the 

sheer abundance of lipid molecules and in the ratios of the types of lipids between the 

WT and ∆phz groups. In broad strokes, this implies that the presence or production of 

phenazines has measurable consequences for the lipidome. 

The observed differences in the lipid profiles between these conditions could conceivably 

stem from several different causes. First, the lipidome changes in WT cells could be the 

direct result of phenazine-mediated regulatory changes. Pyocyanin activates SoxR, which 

upregulates efflux pumps, but it is also a terminal signaling factor, causing regulatory 

changes in dozens of genes, many of which remain unannotated (13, 19). As noted above, 

two of these unannotated proteins are similar to orthologs that appear to interact with 

lipids, suggesting pyocyanin could be playing a direct role in modifying the lipidome. 

Given several of the up- and down-regulated genes detected after pyocyanin exposure are 

still completely unannotated, their involvement in lipid synthesis, modification, or 

degradation remains to be determined. Similar regulatory data for PCA shows that it too 

changes gene regulation in exponential PA14 cultures. Perhaps these three phenazines 

regulate a small orchestra of genes that tune the membrane based on the specific 

phenazine cocktail present under a given condition.  
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Alternatively, phenazines could indirectly affect membrane composition by changing 

important properties of the membrane or of membrane-associated proteins such that the 

cell senses the disturbance and responds in a more generic way. For example, if the 

presence of phenazines disrupts lipid-lipid interactions and thus makes the membrane 

more or less fluid, perhaps a nonspecific regulatory response to saturate or 

cyclopropanate lipids could counteract those effects in a phenazine-agnostic way. Or if, 

as has been suggested in infected human host cell lipids, phenazines provoke damaging 

lipid peroxidation in the producer cell, perhaps a non-specific lipid repair response takes 

over and modifies the lipid pool to limit further damage. 

When considering phenazine effects on lipid-lipid interactions and bulk membrane 

properties, it might be possible to draw lessons from eukaryotic membrane modifications. 

In eukaryotic cells, rigid, planar, polycyclic sterols like cholesterol promote the formation 

of distinct membrane microdomains, also known as lipid rafts, by drawing saturated acyl 

chains more closely together, increasing bilayer density and rigidity (31). These lipid 

rafts typically contain flotillin proteins, which recruit lipid-raft-associated enzymes that 

are often implicated in signaling pathways. Bacterial lipid rafts have also been observed, 

and are often stabilized by polycyclic isoprenoid lipids called hopanoids (32, 33). As in 

eukaryotic cells, these microdomains are more compact and rigid than the rest of the cell 

membrane, and they contain flotillin proteins (34).  

Like cholesterol and hopanoids, unsubstituted phenazine is polycyclic and lipophilic. In 

its oxidized state, the pyrazine core of all phenazines is strictly planar, and although its 

reduced form adopts a slight bend at the reduced bridging nitrogens, the ring structure 

remains rigid and lipophilic. Given the high concentration of reduced PYO found in the 
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P. aeruginosa membrane, it may be that phenazines play some rafting role in the 

membrane, rigidifying portions of the membrane, altering membrane permeability, and 

potentially solvating proteins. 

Examining expression levels of P. aeruginosa native FloA and FloT flotilins under 

phenazine producing conditions may provide information about their relevance when 

phenazines are prevalent in the membrane (34). Given the observation that B. subtilis 

biofilm formation is dependent on a functional membrane-associated protein that in turn 

depends on polycyclic isoprenoid lipids that likely form rafts, it is also worth considering 

whether there are signaling pathways in P. aeruginosa that depend on phenazine rafts or 

phenazine-lipid rafts (32). The clear regulatory difference between wild type colony 

biofilms and biofilms formed by ∆phz cells may be a starting point for such an 

investigation (35). 

In general, lipid rafts are difficult to isolate completely but are significantly enriched in 

the detergent-resistant fraction of membrane extracts (32). Conducting a membrane 

fractionation in the presence of a reducing agent and a phenazine may provide direct 

access to lipid domains rigidified by phenazine interactions, but the presence of 

detergents might also disrupt the in vivo phenazine interactions of primary interest. 

Measurements of biophysical membrane properties using fluorescent dyes are likely to 

encounter confounding effects from the absorption and fluorescence emission spectra of 

reduced phenazines, but direct measurements using atomic force microscopy could 

circumvent this issue (36). 

While this study and the experimental work described in Chapter 2 made no attempt to 

separate the inner and outer leaflets of P. aeruginosa to quantify the relative 
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concentrations of phenazines in those two domains, a precise understanding of phenazine 

localization within these different membranes will undoubtedly assist the determination 

of any biological function. Physical separation of these leaflets is possible, but the 

required disruption by detergents and the separation via density gradients may complicate 

any interpretation of the results. Molecular dynamics simulations of phenazines in P. 

aeruginosa membrane lipids may make a complementary localization investigation 

possible in silico, and could also reveal spatial orientation and location within a bilayer, 

which is not currently possible to observe directly (37). Phenazine partition experiments 

conducted with micelles composed of individual lipid components found in the P. 

aeruginosa membrane may offer additional information about the specific lipids with 

which phenazines preferentially associate (38). 

A provocative but unexplored hypothesis is that rather than acting as a toxin, phenazines 

concentrated in the membrane could be playing an essential role in the stationary phase 

cell’s respiratory chain. P. aeruginosa phenazines have been shown to oxidize 

dehydrogenase enzymes and reduce quinones (17), suggesting they might participate as 

intracellular electron shuttles, perhaps in a way that is beneficial only when oxygen or 

nutrients are limited. The large concentration of reduced PYO measured in the membrane 

would certainly affect the thermodynamics of electron transfer reactions by increasing the 

reaction quotient for any electron transfer from reduced PYO to another species (perhaps 

a quinone). Because of the proximity of respiratory chain components, recently oxidized 

(and hence more polar) PYO molecules would presumably be near enough to 

dehydrogenase enzymes or other reduced membrane components to pick up more 

electrons before diffusing out of the membrane. This could be especially important if 
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phenazines are concentrated in lipid rafts surrounding the NADH dehydrogenases. 

Whatever the precise dynamics, reduced PYO appears to be the dominant form in the 

membrane by far. What value, if any, is accrued by including this additional step in the 

electron transport chain remains to be elucidated, but it could conceivably be related to 

changing the route of PMF generation under challenging conditions. Because phenazine 

reductions and oxidations are proton-coupled, there could be some proton pumping action 

in which reduced phenazines translocate protons within the membrane or from the 

interior of the membrane to the exterior, although this hypothesis runs counter to the 

observation that PYO causes a net reduction in P. aeruginosa membrane potential. Our 

current understanding of phenazine interactions in the cell envelope are summarized in 

Figure 4.  

 

Figure 4: Current knowledge and outstanding questions regarding phenazine 

interactions in the membrane. Outer and inner membranes are denoted by OM and IM, 
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respectively. Red denotes structures and steps that are hypothesized but not characterized. In 

general, our current understanding is that phenazines are reduced by NADH 

dehydrogenases in the inner membrane and are pumped out of the cell by efflux pumps in 

the Mex family (16, 17, 19), although the high concentration of PYO observed in the 

membrane fraction (including both IM and OM) in Chapter 2 suggests this model is 

incomplete. The components of the figure, beginning at the left side of the inner membrane 

and working counter-clockwise, highlight the following gaps in knowledge: The existence 

and possible enzyme-solvating effects of phenazine-lipid rafts in the inner or outer 

membrane are open questions motivated by the work of this thesis. Within the 

dehydrogenase complexes known to transfer electrons to phenazines, the precise binding 

location of the phenazines (Q denotes a quinone binding site, while F denotes a flavin 

binding site) and the number of electrons transferred per step (ne-) are not well understood, 

although phenazines in the membrane are thought to exist in their fully reduced forms 

(following two electron, two proton reduction) because the semiquinone forms are not 

known to be kinetically stable, and membrane interactions are unlikely to improve the 

stability of these radicals. Arrow 1 suggests the possibility that phenazine reduction and re-

oxidation in the membrane and periplasmic space, respectively, could contribute to proton 

pumping, contributing to the formation of a proton motive force. While theoretically 

possible, this hypothesis runs counter to the observation that PYO causes a net lowering of 

the membrane potential in P. aeruginosa (39) Reduced phenazines in the membrane may 

reduce oxygen, forming superoxide, or may reduce benzoquinone, as has been observed in 

vitro (17). Phenazines are transported by efflux pumps, but whether the pumps express a 

particular affinity for reduced or oxidized phenazines is not known (13, 19). Another open 

question is the precise location from which phenazines are pumped; they may conceivably be 
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pumped either from the periplasm, from the membrane, or from the cytosol (arrows 2-4). 

While phenazines do leave the cell via active pumping, the increased lipid abundance 

observed in phenazine-producing WT cells suggests either a geometric change in cell 

morphology to increase membrane area, or the formation of outer membrane vesicles, which 

could be formed of phenazine-lipid rafts. Finally, while phenazines are known to support 

anaerobic survival through extracellular electron transport, it remains unclear whether 

oxidized phenazines re-enter the cell through abiotic diffusion, through a passive transport 

mechanism like a porin, or through some form of active transport (arrow 5). 

 

Disentangling the detailed causes and effects of phenazine influence on the P. aeruginosa 

lipidome will require controlled studies using ∆phz mutants provided with known 

concentrations of phenazine, alone and in combination, and possibly at various stages of 

growth. The gold standard, capable of removing confounding effects of oxygen 

concentration, nutrient availability, and growth state, would be a set of chemostat 

experiments in which cells growing at a constant rate are consistently supplied with fresh 

medium containing known concentrations of nutrients, oxygen, and phenazine. 

Alternatively, a phenazine-dependent, oxygen-free, growth-arrested state like the survival 

assay described in Chapter 5 could prove an excellent context for understanding non-

growth metabolic turnover through lipid degradation or synthesis, especially using 

thoughtful incorporation of either deuterium or carbon labels.  

Whatever growth or non-growth experimental state is chosen, strict control over cell 

metabolic state and concentrations of nutrients, oxygen, and phenazine is essential, as is 

immediate quenching of unwanted lipase and phospholipase activity in harvested cells. 
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This can be accomplished with cycloheximide, or another strong protein inhibitor, or by 

quenching cells in boiling ethanol for 15 minutes or by flash freezing then freeze drying 

prior to extraction (30). Finally, developing a lipidomics analysis protocol calibrated to 

detect and quantify specific P. aeruginosa lipids, including cyclopropanated fatty acids 

that are known to play important roles in membrane properties, should grant more solid 

insight into the effect these “extracellular” phenazine metabolites have when they 

accumulate intracellularly. 
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Chapter 4 

METHODS FOR RESPIROMETRY IN PSEUDOMONAS AERUGINOSA 

PA14 
Abstract 

If, as appears to be the case for PYO, lipophilic phenazines accumulate in the cell, it stands 

to reason that they have physiological effects there. The cell has clearly evolved to manage 

phenazine-associated redox damage, but, through interactions with the electron transport 

chain (ETC), phenazines may actually be playing a beneficial role that has not been fully 

described. To enable direct interrogations of the respiratory effects of phenazines, we 

developed methods for detecting oxygen consumption by respiring P. aeruginosa cells. 

Methodological details developed in this chapter will likely prove useful for those wishing 

to probe the phenazine-ETC connection further, perhaps by combining respiratory chain 

mutants and chemical inhibitors with phenazine treatments.  

Introduction 

In addition to raising questions about the P. aeruginosa lipidome, the high concentration of 

reduced PYO observed in the P. aeruginosa cell membrane raises the possibility that it has 

an evolved function in that part of the cell. Friedheim first referred to PYO as an “accessory 

respiratory enzyme” in 1931, in recognition of the PYO-mediated increase in respiration 

rates across various species. Friedheim concluded that PYO appeared to interact with 

cytochromes or some other component of the respiratory chain that is inhibited by cyanide 

and carbon monoxide (1). In other species, this respiration rate increase, which both upsets 

cellular redox balance and produces reactive oxygen species, has long been considered 

deleterious and is cited as a facet of pyocyanin’s function as a virulence factor (2, 3). Similar 

functions have also made the compound attractive as a potential cancer treatment (4).  
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But within the P. aeruginosa cell, only relatively recently has detailed work begun to 

illuminate exactly where and how PYO and the other endogenous phenazines PCA and PCN 

react with components of the cell. We now know these phenazines are reduced at different 

rates and to different extents by various dehydrogenase enzymes found in the membrane (5, 

6), and that the reduced species are capable of reducing ubiquinone. But the primary 

dehydrogenases do not account for all of the reduction observed in vitro, and ubiquinone 

reduction certainly does not appear to be the only electron sink for reduced phenazines, 

considering their rapid reactions with oxygen and the observed production of reactive oxygen 

species in vivo (3, 7, 8). Our picture of how endogenous phenazines participate in the electron 

transport chain and exactly what, if any, benefit they provide to cells thus remains 

incomplete. 

To enable future studies on the role of phenazines in the P. aeruginosa electron transport 

chain, we sought to develop techniques for measuring respiration rates under the influence 

of individual phenazines. Our preliminary investigations revealed several methodological 

details that may prove useful to future efforts.  

Methods and Preliminary Results 

Initial experiments relied on a Clark electrode, which measures current in a liquid culture as 

a proxy for oxygen tension. Initial experiments relied on a Clark electrode, which measures 

current in a liquid culture as a proxy for oxygen tension. The Clark electrode consists of a 

platinum working electrode and a silver counter electrode, both submerged in an electrolyte 

solution and encapsulated in a small tube. Dissolved oxygen crosses a Teflon membrane to 

enter the tip of the tube, where it is reduced to water using electrons from the electrode and 
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protons from the surrounding solution. The resulting current is recorded and can be calibrated 

to known oxygen tensions. 

For all experiments, cells were grown in MOPS minimal medium buffered at pH 7.2 and 

supplemented with 25 mM glucose. Cells were harvested by centrifugation at 6800 rpm for 

10 minutes, and the resulting pellets were resuspended at an OD of 10 in PBS at pH 7.0 

supplemented with 10 mM glucose and 500 µM EDTA until the experiment was carried out. 

Multiple short experiments were conducted from the same stock of cells prepared in this 

fashion, although allowing the cells to rest for more than an hour appeared to alter their 

metabolic state. We found EDTA aided the penetration of both inhibitors and phenazines, 

presumably by chelating divalent cations Ca2+ and Mg2+, thereby limiting cross linking in 

the lipopolysaccharide of the cell wall.  

Measurements were conducted on the benchtop by placing 4.5 mL of PBS (containing 10 

mM glucose) in a small upright tube equipped with a stir bar and inserting the electrode from 

above to collect a reference baseline of about 30 s. This step often proved to be quite 

challenging due to our model of the Clark electrode, which was sensitive to electromagnetic 

fields as slight as those generated by the charging cord of the laptop to which it was attached. 

After collection of a sufficient baseline, experiments were initiated by carefully pipetting 0.5 

mL of dense EDTA-treated cells from the holding tube into the stirred tube to achieve a final 

OD of 1. In a typical experiment, the respiration of the newly introduced cells caused the 

measured voltage to drop at a steady rate from the fully oxygenated value (approximately 

120 mV) to 0 within about 120 s. Depending on how long the cells had been held before 

being introduced to the experiment, the voltage sometimes dropped precipitously at first 

(presumably due to the introduction, along with the cells, of a volume of completely 
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deoxygenated media) before relaxing to a less intense and generally reproducible rate we 

attributed to cellular respiration.  

Our initial attempts to identify inhibitors for P. aeruginosa respiratory chain components 

revealed no apparent change in respiration rate after treatment with potassium cyanide, 

sodium arsenate, oligomycin, CCCP, or DCCD (data not shown). Because inhibitors often 

have horseshoe shaped dose responses with a “goldilocks” concentration of efficacy, we 

swept a range of about three orders of magnitude for each of these inhibitors ranging from a 

few µM to a few mM. P. aeruginosa is known to have redundant terminal oxidases, which 

might have explained the inefficacy of cyanide, but we attributed the general lack of any 

perceivable effect of any of these inhibitors to inconsistent penetration of the cell envelope. 

Perhaps longer treatment or a different concentration of EDTA prior to measurement could 

reveal the expected susceptibilities to these inhibitors. It might also be possible that adding 

TRIS to the buffer system could increase permeability (Glasser, personal communication). 

Despite these difficulties, we did find that sodium azide, introduced at an exceptionally high 

concentration of 20mM, produced near total inhibition of respiration (Figure 1) (9). This 

inhibition manifested as a break from the consistent negative respiration slope to a line of 

either zero slope or of slightly positive slope. The positive slope was interpreted as the 

diffusion of atmospheric oxygen back into the partially deoxygenated solution. It is important 

to note that on certain occasions concentrations of 200mM azide produced almost no effect. 

There appears to be an aspect of the inhibitor sensitivity that is highly dependent on the 

precise details of cell preparation ahead of the experiment. Variables we considered (along 

with parenthetical recommendations) included: length of pregrowth (20 hr or late stationary 

phase), concentration and length of pretreatment with EDTA (500 µM for 30 min), the 
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addition of glucose (10 mM glucose did not appear to be necessary, but we used it for 

consistency. Friedheim noted different respiration rates in the presence of PYO using carbon-

free phosphate buffer compared to pyruvate-supplemented buffer), and the length of time 

cells were allowed to rest in the EDTA solution before an experiment (between 30 and 90 

minutes appeared most consistent). 

 

 

Figure 1: Azide inhibits P. aeruginosa respiration but CCCP has no uncoupling effect. 

Measurements taken with a Clark electrode in PBS supplemented with 10 mM glucose. After 

collection of a baseline, cells pretreated with 500 µM EDTA and 10 mM glucose were added to 

a final OD of 1. The leftmost medium gray line is representative of respiration rates observed in 

experiments conducted without inhibitors. The lightest gray line reflects respiration by cells 

treated with 20 mM sodium azide, which was applied at about 110 s. The darkest line shows an 

experiment in which cells were treated with 20 mM sodium azide at about 90 s and were then 

provided 100 µM CCCP at about 140 s. Positive slopes were believed to result from diffusion 

of oxygen back into the slightly deoxygenated buffer. 
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After determining that sodium azide inhibited P. aeruginosa respiration, we began 

experimenting with the effect of adding phenazines to azide-treated cells. We observed that 

PCA had no measurable effect, but that PCN was slightly stimulatory (Figure 2). Cells 

treated with PYO had a much more dramatic reaction, switching instantaneously from 

complete inhibition to consuming oxygen at about one third their pre-azide rate.  

We conducted an additional test with the redox active secondary metabolite toxoflavin, 

produced by Burkholderia species glumae and gladioli. Toxoflavin, like PYO, undergoes 

redox reactions with cellular components (10). Toxoflavin had an even more significant 

effect than PYO, essentially returning oxygen consumption to its initial uninhibited rate. 

 

 

Figure 2: Measurements taken with a Clark electrode in PBS supplemented with 10 mM glucose. 

After collection of a baseline, cells pretreated with 500 µM EDTA and 10 mM glucose were 

added to a final OD of 1. In all experiments plotted here, cells were treated with 20 mM azide 

to inhibit their respiration, which is visible as the break from the initial negative slope to a slightly 

positive slope. The lightest line represents cells treated with 20mM sodium azide and nothing 

else. In an attempt to uncouple respiration and overcome the azide inhibition, cells were treated 
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with various redox active metabolite. Traces in order of increasing darkness represent cells 

treated with 200µM of either PCA (no visible effect), PCN (slight effect), PYO (major effect), 

or toxoflavin (largest effect). 

 

 

Unfortunately, our attempts at generating data of high enough quality to quantify respiration 

rates reproducibly were thwarted by the sensitivity of the electrode to external interference. 

We thus ultimately moved to a different and much more stable instrument: the Ocean Optics 

NeoFox FOSPOR-R oxygen sensor, which relies on a fluorescence system that pulses an 

excitation LED at an embedded proprietary fluorescent dye encapsulated within a thin metal 

tube. The tube is open at one end to the experimental solution through a proprietary coating 

that is ethanol compatible (helpful for sterilization between experiments). We were initially 

concerned that reduced phenazines might quench the fluorescent probe as has been noted 

with dissolved dyes, but control experiments conducted in an anaerobic glovebox 

demonstrated no detectable effect from reduced PCA, PCN or PYO except their reaction 

with dissolved oxygen in the buffer (Figure 3). This probe should enable both higher 

resolution and significantly better reproducibility than the Clark electrode. 
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Figure 3: Ocean Optics FOSPOR-R respirometer measures oxygen consumption 

without interference from reduced phenazines. All panels show oxygen concentration 

measurements in PBS before and after the addition (black arrows) of a volume of reduced 

phenazine solution sufficient to achieve a 200µM final concentration (phenazine identity is 
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reported in the top right of each panel). Panels A, C, and E show measurements made in aerobic 

buffer. Panels B, D, and F show measurements in anaerobic buffer (N2 sparged). 

 

 

Conclusions 

We now have a stable platform for measuring oxygen consumption rates in P. aeruginosa 

and other cell suspensions in order to quantify the effects of phenazines on respiration. Azide 

is a reliable total inhibitor of P. aeruginosa respiration at a concentration of 20 mM, but care 

must be taken to pretreat cells with EDTA and to use them while they are reasonably fresh. 

However, azide is known to reduce quinones, which suggests that it might also be able to 

interact with phenazines or toxoflavin (11). Despite this caveat, our initial work with azide-

inhibited P. aeruginosa cells suggests the following order of increasing azide-inhibited 

respiratory stimulation: PCA < PCN < PYO < toxoflavin. We believe the return to oxygen 

consumption after treatment with these redox active metabolites represents a decoupling of 

the respiratory chain in which electrons are transferred onto a phenazine or toxoflavin which 

then transfers electrons directly onto oxygen, bypassing downstream components of the 

ETC. The strength of interactions likely relies on a combination of cell penetration to access 

components of the ETC and oxygen reaction rates. Lipophilicity of the reduced phenazines 

at pH 7 is PCN > PYO >> PCA, while the speed of reaction with oxygen is PYO >> PCA > 

PCN (7, 12). PYO possesses both a fast oxygen consumption rate and a favorable 

lipophilicity, making it an ideal candidate for decoupling the respiratory chain when small 

amounts of oxygen are present. Identifying and quantifying the relative contributions from 

components of the respiratory chain remains a challenge that has been partially met through 

the use of clever biochemical techniques, including the use of specific ETC inhibitors on 
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genetic mutants with ETC deficiencies (5, 6, 13). Respirometry may be another useful angle 

on this problem, but given the relative resistance of P. aeruginosa to inhibitors, determining 

the identities and concentrations of effective inhibitors on short respirometry experimental 

timescales should be explored with an emphasis on promoting cell envelope penetration 

through the use of buffers and chelating agents. 
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Chapter 5 

PRELIMINARY INVESTIGATIONS OF PHENAZINE-MEDIATED 

REDUCTION OF IRON(III)-BEARING CLAYS 
Abstract 

Phenazine-mediated reductive dissolution of Fe(III) oxyhydroxide minerals raises intriguing 

questions about bioremediatory and survival implications of environmental iron reduction 

by phenazine producers. While reductive dissolution of iron oxyhydroxide minerals releases 

dissolved Fe(II), which facilitates damaging Fenton reactions that harm producer bacteria, 

Fe(III)-bearing clay minerals generally retain nearly all of their Fe(II) through the reduction 

process and can even undergo multiple redox cycles without significant damage to the 

mineral lattice. Fe(II) transfer from clays to organic and heavy metal contaminants is a well-

explored bioremediation technique because of the ubiquity of both clay minerals and 

microbial processes that reduce them. But in the case of phenazine producers, clay reduction 

may offer an additional benefit to the microbe: the supply of terminal oxidant in oxygen-

limited waters and soils with limited harmful side reactions. Here we investigate the capacity 

for phenazines to reduce clays in an abiotic electrochemical system and explore the culture 

conditions in which phenazines appear to aid biotic reduction of a nontronite clay mineral. 

The methods developed here will enable progress toward a quantitative understanding of 

phenazine-mediated Fe(III)-bearing clay reduction and assist with the search for a clay-

mediated survival phenotype. 

Introduction 
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Phenazines react abiotically with iron oxyhydroxide minerals, liberating soluble Fe(II) as 

well as nutrients like inorganic phosphate that are often found adsorbed to the mineral surface 

(1-3). This observation, coupled with the finding that phosphorous limitation enhances 

phenazine biosynthesis, supports a hypothesis that phenazines may assist environmental 

microbes with nutrient scavenging in phosphorous limited environments (4). In a low-

oxygen soil or water environment where phenazines are thought to be produced, iron 

reduction may also prove useful as a terminal oxidant. In anaerobic laboratory conditions, P. 

aeruginosa ∆phz cells deficient in phenazine biosynthesis are capable of long-term (> 7 day) 

survival when supplied with an exogenous phenazine and an electrode poised to re-oxidize 

that phenazine (5). Iron(III) oxyhydroxide minerals appear an appealing environmental 

substitute for the laboratory electrode, but because soluble Fe(II) facilitates damaging Fenton 

reactions in the presence of phenazines which would presumably require energetically 

expensive damage repair mechanisms in a severely limited metabolic condition, it is likely 

that Fe(III) oxyhydroxide minerals are poor terminal oxidants for phenazine producers. 

Ferruginous smectites and other Fe(III)-bearing clays on the other hand are well known to 

undergo reversible redox cycles mediated by microbes and oxygen (6). These cycles result 

in the release of small amounts of Fe(II), generally thought to come from mineral edge sites, 

but the bulk of the redox-accessible iron remains bound in octahedral sites in the mineral 

lattice. Once reduced, iron-rich clays can transfer electrons to organic contaminants and 

metals like antimony, uranium, and mercury (7). The reversibility of iron-bearing clay redox 

cycling and the limited release of dissolved Fe(II) suggest these clays might serve as terminal 

oxidants for environmental phenazine producers. 
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Shewanella oneidensis is known to reduce clays as a means of anaerobic survival through its 

outer membrane multiheme cytochromes, but it is also capable of transferring electrons to 

clays using diffusible flavins (9). Whereas reduction via cytochrome requires direct microbe-

mineral contact, flavins are known to enable mineral reduction at a distance (10). In batch 

cultures, various Pseudomonad species have been observed to reduce clays, but the effect of 

that reduction on survival has not been thoroughly explored (11). Moreover, the mechanism 

responsible for that reduction has not been identified. Phenazines seem a logical hypothesis 

for such a reduction, but to my knowledge no work has so far been done to determine whether 

phenazines can donate electrons to clay, much less whether phenazine producers can survive 

using that process to facilitate carbon catabolism. In this chapter, I discuss my progress 

toward understanding the interaction between the environmental phenazine producer 

Pseudomonas synxantha and Fe(III)-bearing clay minerals.  

Methods 

Clay minerals were obtained from the Clay Minerals Society. Analysis of their chemical 

composition and x-ray determined structures are available from the same. Briefly, NAu-1 is 

a nontronite containing approximately 33% iron by weight, almost entirely in the Fe(III) 

octahedral form. SWy-3 is a smectite containing approximately 3% iron by weight, also 

primarily in the Fe(III) octahedral form. 

Clay preparation to ensure consistent size fraction and interstitial cation identity 

Bulk NAu-1 arrived as a single chunk of consolidated material and was first pulverized into 

uniform powder using a shatter box. SWy-3 arrived as a fine powder and was therefore not 
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pulverized. From this point, each clay was treated identically. To replace interstitial cations, 

30 g of clay were placed into a 250 mL centrifuge bottle and were suspended in 200 mL of 

100 mM NaCl. The clay was shaken for 3 hours and was then centrifuged for 10 minutes at 

10,000 RPM. The supernatant was decanted and the pellet was resuspended by sonication. 

This NaCl wash was repeated twice. Next, three identical washes were carried out with 

deionized water (> 18 MΩ).  

After the final wash, the resulting pellet was resuspended via sonication in sodium 

hexametaphosphate to ensure complete dispersion and allow for fractionation of clay particle 

size by settling. The dispersed clay was transferred to a 1L graduated cylinder and allowed 

to settle for several hours. The top several centimeters of solution were sampled to obtain the 

sub 2 µm fraction of clay particles (13). This process was completed three times and the 

resulting fractions were centrifuged into a combined clay pellet which was finally 

resuspended in 1 mM sodium chloride for experiments. 

Abiotic phenazine-mediated clay reduction 

PCA and clay were suspended in a sealed, stirred electrochemical reactor from Stony Lab. 

The reactor possesses ports (sealable with rubber O-rings) that provide access for electrodes 

(working, counter, and reference) as well as a sparging needle to introduce inert gas and an 

exit needle, which allows the sparging gas to leave the reactor chamber and prevent pressure 

buildup.  

To transfer electrons to the phenazine, we used a graphite working electrode and a platinum 

counter electrode both submerged directly in the reaction fluid, as well as a Ag/AgCl 
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reference electrode connected to the reaction solution via a 3% agarose salt-bridge doped 

with 3M KCl. On the other side of the salt bridge, the reference electrode was submerged in 

an oxidized PCA solution equimolar with that in the reaction chamber.  

After sparging the media thoroughly with N2 , we moved the sparging needle from beneath 

the surface of the reaction liquid and placed it directly above the liquid to allow a continuous 

stream of N2 to flow into the reaction chamber and out the exit port. Prior to the start of the 

experiment, we ensured the media was anoxic by conducting a cyclic voltammogram. 

Because clays are not capable of receiving electron transfer directly from electrodes, the 

resulting voltammogram recorded only the behavior of dissolved PCA. To begin the 

experiment, we set the working electrode to apply a potential of -500 mV (SHE) for a period 

of several hours and we recorded the current as a measurement of the number of electrons 

transferred throughout the experiment.  

Culture conditions 

For experiments examining the reduction of clay by P. synxantha, we used a MOPS minimal 

medium buffered only lightly at pH 7.2 with the following components (unless otherwise 

noted, all reported concentrations are mM): CaCl2 : 0.68; MgSO4. : 0.41; NH4Cl : 16.00; 

KH2PO4 : 25 mM or 10 µM; glucose : 55.51; MOPS 25.00 or 125.00. After adjusting the pH 

to 7.2 with NaOH, we also added SL-10 trace metals to 1x final concentration. In cases where 

phosphorous concentration was adjusted, we used a pH 7 mixture of mono and dibasic 

potassium phosphate. 
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To determine the ability of WT  and ∆phz strains of P. synxantha to reduce Fe(III)-bearing 

clay using phenazines, we grew 5 mL overnight cultures aerobically at 30 oC in a minimal 

medium containing various amounts and combinations of  MOPS buffer (+buffer = 125 mM, 

-buffer = 25 mM) and potassium phosphate (+P = 2.5 mM, -P = 10 µM) with or without the 

addition of 100 µM PCA dissolved in 0.2 M NaOH or the equivalent volume of 0.2 M NaOH.  

We then transferred 2mL of the late stationary phase cells to Eppendorf tubes and added 4 

mg of ≤ 2 µm particles of NAu-1 suspended in sodium hexametaphosphate. The tubes were 

then left sealed in the anaerobic chamber for two weeks. 

At the end of the experiment, the extent of reduction was determined qualitatively by 

comparing the color of the clay pellets after centrifugation of the culture tubes. Because fully 

reduced NAu-1 is a deep blue green while fully oxidized and NAu-1 is a pale yellow, color 

is a reasonable qualitative proxy for reduction extent. In some cases, it has been used 

spectrophotometrically, but the scattering introduced by the presence of cells as well as 

potential interference from PCA absorption bands precluded use of this method in this study 

(13). In the future, attempts should be made to replicate the methods of Gorski et al., using 

highly efficient low molecular weight electron shuttles like diquat to measure the extent of 

clay reduction electrochemically (14). 

Results and Discussion 

For phenazine-producing microbes to survive via phenazine-mediated clay reduction, 

phenazines must be able to reduce Fe(III)-bearing clays. Our abiotic experiments 

demonstrate that the phenazine PCA is capable of reducing both NAu-1 and SWy-3. 

However, integration of the current traces in Figure 1 reveals a discrepancy between the 
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measured and expected relative electron accepting capacity of the clays. Because NAu-1 

contains 11 times as much octahedral Fe(III) as SWy-3, we expect that it should be capable 

of accepting 11 times as much total charge. This result is expected when using highly 

efficient electron shuttles like diquat to transfer electrons between an electrode and a clay. 

However, we find that in our PCA condition, NAu-1 is only capable of accepting about 1.25 

times as much charge as SWy-3, indicating that PCA may not be a very efficient electron 

shuttle for reducing iron in the clay lattice.  
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Figure 1: Reduction of PCA and PCA+clay solutions by a graphite working electrode poised at 

–500mV (SHE). A larger area under a curve indicates a greater total current transferred by the 

working electrode (and thus more total electrons accepted by the PCA 

or PCA+clay combination). NAU-1 is a nontronite clay containing ~33 weight % ferric iron. 

SWY-3 is a smectite containing ~3 weight % ferric iron. 

To determine conditions under which P. synxantha cells reduce iron-bearing clay and 

whether phenazines are essential for that process, we swept a series of phosphorous 

concentration and buffer strength conditions using stationary phase cultures transferred from 

aerobic pregrowth to an anaerobic condition. Carbon was supplied in great excess and cells 

were provided with the nontronite clay NAu-1 after their transition to anoxia.  In all cases 

we tested, WT P. synxantha cells produced and reduced PCA, visible in the solution above 
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the cell/clay pellets in its fluorescent yellow reduced form. (Table 1 and Figure 2). In three 

out of four cases, reduction of the clay pellet by these WT cultures is clear, although in tube 

A1 (+P, -Buffer), the pellet is so brown that it is unclear by eye whether the clay is reduced 

or simply discolored by some microbial compound. 

 

Table 1: Experimental conditions and conclusions from an experiment with ∆phz and WT 

Pseudomonas synxantha cells grown to stationary phase and then transferred to an anaerobic 

chamber and provided with oxidized NAu-1. +P indicates 2.5 µM phosphorous, while –P 

indicates only 10 µM phosphorous. +Buffer indicates 125 mM MOPS at a starting pH of 7.2, 

while –Buffer indicates 25 mM MOPS at a starting pH of 7.2. +PCA indicates 100 µM PCA in 

0.2 M NaOH, while -PCA indicates only the addition of an equal volume of the 0.2 M NaOH 

carrier solvent.  Conclusions about clay reduction are drawn based on the color of NAu-1 after 

two weeks in contact with the cells: more blue-green coloration indicates a greater extent of 

reduction. Images of the culture tubes at the end of the experiment can be found in Figure 2. 

Sample Strain P Buffer Exogenous 

PCA 

Final pH Degree of 

Clay 

Reduction 

A1 WT + - - 5.0 unclear 

A2 WT - - - 5.0 intermediate 

A3 WT + + - 6.5 significant 

A4 WT - + - 6.5 significant 
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B1 ∆phz + - - 4.5 none 

B2 ∆phz - - - 5.0 none 

B3 ∆phz + + - 6.5 significant 

B4 ∆phz - + - 5.5 none 

C1 ∆phz + - + 5.5 significant 

C2 ∆phz - - + 5.5 significant 

C3 ∆phz + + + 6.5 significant 

C4 ∆phz - + + 6.0 significant 
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Figure 2: Phenazines enhance NAu-1 reduction by P. synxantha. Final time point image 

from cultures of WT and ∆phz P. synxantha incubated anaerobically at 25 oC for 2 weeks. Table 

1 above contains comprehensive descriptions of the culture conditions corresponding to each 

tube including phosphorous and buffer additions. Tubes A1-4 contain WT cultures. Tubes B1-

4 contain ∆phz cultures with no exogenous PCA. Tubes C1-4 contain ∆phz cultures provided 

with 100 µM exogenous PCA.  
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In our experiments with P. synxantha ∆phz, cells provided with no exogenous phenazine 

were generally not able to reduce phenazines under the given conditions, while those under 

the same conditions that were provided with 100 µM PCA were able to reduce the clay. In 

one condition (tube B3: +P, +Buffer), ∆phz cells were able to reduce the clay, although not 

as fully as when provided exogenous PCA. This indicates the presence of some phenazine-

orthogonal mechanism for clay reduction, perhaps some other small diffusible molecule that 

has yet to be identified. 

 Conclusions 

In this study we determined that the environmentally-relevant phenazine PCA is capable of 

transferring electrons to Fe(III)-bearing clays NAu-1 and SWy-3 when reduced by a graphite 

working electrode. To our knowledge, this is the first demonstration that reduced phenazines 

can reduce clays. Our electrochemical results indicate that PCA may not be as efficient at 

transferring electrons to clays as well-known clay-compatible electron shuttles like diquat, 

although an alternative explanation is that PCA might require a higher driving force than the 

-500 mV (SHE) applied in this study. Our experiments with WT P. synxantha demonstrate 

that it produces PCA and reduces clay in anoxia across multiple phosphorous and pH 

conditions. Our experiments with P. synxantha ∆phz cells under similar conditions show that 

they are generally incapable of reducing NAu-1 without exogenously supplied PCA, but that 

in a condition where they can reduce the clay slightly without PCA, the degree of reduction 

is enhanced by the presence of PCA. These results indicate that at least some of the 

requirements for long term anaerobic survival by phenazine-mediated clay reduction can be 

met, namely that an environmentally relevant strain of phenazine producer can use its native 
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phenazine PCA to transfer electrons to a clay in anaerobic conditions. Future work should 

focus on measuring the extent of biotic reduction possible under anaerobic conditions, 

preferably using the methods developed by Gorski et al., to enable calculations of the clay 

supply necessary to sustain a survival metabolism (14). Experiments using dialysis tubing or 

similar membranes to separate clay from phenazine producing bacteria will enable the 

differentiation of phenazine-mediated clay reduction at a distance from the cell from any 

processes that require microbe-clay contact. Although P. synxantha is not known to possess 

transmembrane cytochromes like those found in S. oneidensis, the concentration of reduced 

phenazine in the cell membrane might permit faster reduction when the membrane is in 

contact with the clay. The environmentally-accessible pKa of PCA and the effect of the 

molecule’s charge on its lipophilicity and presumably its concomitant membrane 

permeability suggests that more acidic buffers might enhance clay reduction rates by giving 

PCA easier access to membrane associated ETC components. An additional point of 

consideration is the choice of nutrients in the media. It was noted in early experimental 

attempts that a component (or components) of LB permitted reduction of clays by several 

cell types including phenazine deficient mutants. Rich media should be avoided because of 

the confounding effects of unidentified redox-active components. Finally, whatever 

conditions are chosen to investigate this phenotype, care must be taken when plating CFUs 

from anaerobic cultures because of unwanted Fenton and phenazine interactions upon 

exposure to oxygen. Plates made with LB supplemented with nitrate might allow P. 

synxantha to outgrow in the safety of an anaerobic chamber.  
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Chapter 6 

CONCLUSIONS 

The natural functions of phenazines in membranes 

The prevailing view in the literature is that phenazines function as extracellular 

metabolites. Their cited functions all involve the transfer of electrons from the cell to the 

phenazine molecule, which then leaves the cell to interact elsewhere in the environment. 

For example, as generators of toxic reactive oxygen species, phenazines must leave the 

producer cell in the reduced state and diffuse to a source of oxygen, limiting competition 

in the producer cells’ environmental niche. As agents of reductive mineral dissolution, 

reduced phenazines must diffuse to a mineral surface, where they transfer electrons to 

dissolve the mineral and facilitate nutrient acquisition by producer cells. Phenazine-

mediated extracellular electron transfer, which under laboratory conditions confers a 

survival benefit to planktonic cells lacking alternative electron acceptors, is also believed 

to provide a lifeline to cells in the anoxic cores of P. aeruginosa biofilms. All of these 

functions rely on phenazine interactions beyond the confines of the cell. But given their 

higher lipophilicity in the reduced form, it appears at first glance that the cells got it 

backward. Why keep a dangerous metabolite around by incorporating an intramolecular 

hydrogen bond only in the reduced form, especially when that toxin can supposedly do 

so much good for you when it’s out interacting elsewhere in the environment? Perhaps 

the cells know more than they are letting on.  

The direct observation that PYO concentrates in the membrane at a rate almost 100 times 

greater than in the extracellular media exceeds the expectation from the partition coefficient 

alone, which suggests only about a 10x excess in a lipophilic phase compared to an aqueous 
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one. In a planktonic culture grown to stationary phase in LB, this accumulation occurs within 

about  5 minutes. In addition to offering a compelling refutation of the prevailing model that 

reduced PYO diffuses away from the cells to relieve them of reducing equivalents, this 

measurement suggests that P. aeruginosa PA14 cells may in fact have evolved to survive or 

even prefer high concentrations of PYO in their membranes.  

In his 2023 thesis, partially supported by respirometry measurements of the sort described in 

Chapter 4 of this thesis, Dr. John Ciemniecki proposed an intentional short-circuiting of the 

ETC, in which reduced phenazines react with oxygen, bypassing the downstream portions of 

the electron transport chain (1). He suggested the bypass might enable a deliberate reduction 

in the bioenergetic poise of the cell as a mechanism to prepare for long term survival or to 

avoid the damaging effects of antibiotics, as Horak et al. soon thereafter showed can be the 

case for cells treated with tobramycin (2). One possible twist to this hypothesis that may be 

worth considering is that an extremely concentrated pool of PYO in the membrane makes 

the whole surface of the cell oxygen-reactive. In a sense, membrane-associated PYO may 

poise the cell to field even a very minute concentration of oxygen and take full advantage of 

it. In fully oxygenated conditions, terminal oxidases are constantly bombarded by oxygen 

molecules. P. aeruginosa possesses several different terminal oxidases with different 

affinities for oxygen, but if it has evolved to function even at oxygen tensions well below the 

Km of its highest affinity oxidase, perhaps its “accessory respiratory enzyme” pyocyanin 

lends a hand when the going gets toughest (3). A membrane saturated with PYO should 

conceivably be able to push electrons through the electron transport chain with PYO present 

(from NADH dehydrogenase to PYO to ubiquinone instead of the typical direct 

dehydrogenase-to-ubiquinone transfer) as long as there is sufficient oxygen for the terminal 
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oxidases to function. When the oxygen concentration dips too low, the terminal oxidases 

slow down even as the cell continues to require a metabolic flux for biosynthetic and 

energetic reasons, and by populating the membrane with reduced PYO, the cell continues to 

push electrons from NADH to the NADH dehydrogenases to PYO. If any small amount of 

oxygen diffuses to the cell, it will immediately contact either an oxidase or a PYO molecule, 

creating the possibility for the NADH pool to push more reducing equivalents out of the 

cytoplasm and into the membrane via the dehydrogenases. This mechanism could permit 

survival during periods of very low oxygen. And when oxygen levels return to normal, the 

reduction in PYO’s lipophilicity should cause it to diffuse rapidly out of the cell as observed 

in the pellet retention assay in Chapter 2. This model will likely require significant work to 

corroborate or disprove, but it now seems clear that there is some evolved role for PYO in 

the cell membrane. 

Phenazines as molecular probes 

Given their redox sensitivity and fluorescence profiles, phenazines have been condemned for 

their interference with dyes, particularly in systems where redox state and oxygen levels 

change (4). But phenazines also enjoy rich applications as histological dyes and molecular 

indicators (5, 6). Based on unexpected observations during my work with these peculiar 

molecules, I propose two possible uses for phenazines as probes that I believe deserve further 

attention. First, in my abiotic partitioning experiments using octanol, I noticed that PCA 

reacts with octanol on time scales of days to form a purple compound. The reaction appeared 

to be oxygen and light dependent. When I placed a solution of PCA in octanol into our broad 

spectrum light box, it changed rapidly to a rich golden color, possibly due to semiquinone 
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radical reactions similar to those observed for unsubstituted phenazine in methanol (7). 

Characterizing the reaction(s) that result in these color changes and the parameters that 

control their rates and specificity may result in a useful lipid quantification tool. Assuming 

the reactions are well understood, adding small amounts of PCA to solutions of unknown 

lipids and then exposing the reaction mixtures to a known light/oxygen dose could provide 

relatively easy spectrophotometric measurements of lipid content, which could prove useful 

in contexts like biofilms or soils that contain a mixture of complex phases. 

An additional and perhaps more promising idea for phenazines as molecular probes is to use 

pyocyanin to make absorbance measurements of the “energetic poise” of planktonic cells. I 

define this “energetic poise” as a measure of the approximately instantaneously available 

reducing equivalents in the cell. These available reducing equivalents could be in the form 

of NAD(P)H or FAD(P)H molecules or in the form of proteins harboring easily accessible 

electrons (e.g. as part of an Fe-S cluster). Given PYO’s apparently promiscuous ability to 

enter cells and pull reducing equivalents from various cellular components (including NADH 

and dehydrogenase enzymes as well as unidentified cytosolic components), and the dramatic 

change in absorbance between the reduced and oxidized forms -- the peak at 690nm 

disappears upon reduction, and furthermore the reduced form of PYO appears to concentrate 

about 100x more strongly in the cell than in the supernatant, at least in P. aeruginosa PA14 

cells -- it seems possible that by mixing a standard concentration of PYO with a suspension 

of cells of known density for a limited time (presumably quite a short time on the order of 1-

5 minutes, depending on culture density) and then centrifuging the cells out rapidly, one 

could measure the absorbance of the residual supernatant at 690 nm and correlate the loss of 

absorbance with the amount of PYO that was reduced by cellular activity/easily accessible 
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reducing equivalents and/or retained by the cell (presumably in the reduced form). These 

measurements likely need to be made in an anaerobic chamber with an inert-gas-sparged 

PYO solution to avoid spontaneous reoxidation by dissolved oxygen. The time required to 

move dense cultures into the anaerobic chamber should provide them sufficient time to 

consume residual oxygen in their own supernatants before the measurement takes place. But 

even on a benchtop, our respirometry measurements described in Chapter 4 show that PYO 

is reduced more quickly by a culture of stationary PA14 cells than it is re-oxidized by oxygen. 

This measurement may provide a method to qualitatively distinguish between the energetic 

poise of cells in various growth and non-growth states. When coupled with electrochemical 

measurements of cell specific metabolic rate like those made during the survival assay, it 

may be possible to make rapid, quantitative end point approximations of something like 

“instantaneous metabolic rate” for rapid hypothesis generation or in contexts that are 

relatively difficult to interrogate electrochemically. One could, for example, compare the 

“instantaneous metabolic rates” of planktonic stationary phase cultures starved for various 

macronutrients to determine quickly whether they differ substantially in their growth arrested 

metabolic poise. Given a calibrated PYO probe protocol, one could feasibly search for large 

phenotypic differences between several culture conditions in just a few minutes. Because 

PYO is relatively easy and cheap  to synthesize (requiring approximately 3 days and $100 

worth of reagents to make about 200 mg – enough for scores of experiments), developing a 

simple method like the one described here could be well worthwhile for screening large 

parameter spaces (carbon source, terminal electron acceptor, nutrient limitation, growth 

temperature, class and/or concentration of antibiotics or ETC inhibitors, etc.). 
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Closing remarks 

In this thesis, I began by suggesting that abiotic chemical properties can offer new 

perspective on biological functions of microbial metabolites. I then put this idea into 

practice by examining phenazine lipophilicity across Eh and pH ranges, and discovered a 

physiologically relevant tuning mechanism that dictates phenazine biological retention. 

The results run counter to the dominant understanding that phenazines function outside the 

cell, and while we have not yet fully grasped the biological implications of this finding, the 

information we have gained from a strictly chemical angle appears profound even at this 

early stage. Although the vast problem of determining native secondary metabolite 

functions will inevitably require several orthogonal approaches, this thesis suggests careful 

examination of relevant physicochemical properties in environmentally relevant contexts 

can bring a measure of conceptual order to the universe of structurally diverse secondary 

metabolites. 
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Computational Details  

All geometry optimizations of intermediates were achieved using the spin unrestricted 

uwb97xD 1/cc-pvDZ 2 method, in water (dielectric constant: 78.35) and octanol (dielectric 

constant: 9.8629, EpsInf=2.0420) using the CPCM solvent model 3 as implemented in 

Gaussian16 4. Frequency calculations were also conducted at the same level of theory to 

obtain vibrational frequencies to determine the identity of the stationary points as 

intermediates (no imaginary frequencies), as well as obtaining the thermochemistry: enthalpy 

(ΔH) and free energy (ΔG) at the temperature of 298 K. All structural figures were generated 

with CYLview 5. Distances in structural figures are shown in Å and energies are in kcal/mol. 

Single point energy corrections were carried out further with the following methods, using 

Truhlar’s octanol solvent configuration. 6 

i) uwb97xD/6-311+g(d,p)-SMD(H2O)//uwb97xD/cc-pvDZ-cpcm(H2O) 

ii) uwb97xD/6-311+g(d,p)-SMD(Octanol)//uwb97xD/cc-pvDZ-cpcm(Octanol) 

Lipophilicity calculations (LogD) were done based on a previously established scheme, 

using the Gibbs free energies of the solvated molecules (Figure S2). 7, 8, 9 The energy of the 

intramolecular hydrogen-bond was calculated using the energy difference of the closed 

versus open form of each metabolite, values are given in kcal/mol. 10 The energy of the 

intramolecular hydrogen-bond was calculated only for structures that had defined closed 

versus open conformations, which were established based on the formation of a new 

intramolecular hydrogen-bond upon rotation of the substituent at the 1-position. The 

equilibrium constant (Keq) at standard states and constant pressure was calculated to 

determine the isomeric ratio between open and closed forms. 11 Protonated forms of PCA 

and oxidized pyocyanin were used when analyzing the effects of an intramolecular 
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hydrogen-bond.  NBO orbital analysis 12 was conducted to compare intramolecular hydrogen-

bond capabilities of the redox forms of each metabolite. 13 The strength of the NBO 

interaction was used to rationalize the lipophilicity of the specific redox form. 

 

 

 

Figure A1. Intramolecular hydrogen-bond calculation scheme. Electronic Energies were used, 

with all values reported in kcal/mol. 

 

 

Figure A2. Calculation scheme used to measure lipophilicity, using Gibbs free energy of the 

solvated metabolite, at room temperature. Value of R used was 1.987x10-3 kcal/mol. 

 

 

Figure A3. Differences in LogD due to the intramolecular hydrogen bond measured using the 

above scheme. 

 

EHB= Eclosed - Eopen

LogD= (ΔGwater - ΔGoctanol)
                   (2.303RT)

ΔLogD= LogDclosed - LogDopen
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Figure A4. Differences in intramolecular hydrogen bond strength due to changes in solvent.  

 

 

Figure A5. Calculation scheme used to measure equilibrium constant, using Gibbs free energy 

of the solvated metabolite, at room temperature. Value of R used was 1.987x10-3 kcal/mol. 

 

 

 

Metabolite 

 

EHB (kcal/mol) ΔEHB (kcal/mol) Keq 

PCNoxidized (water) 

 

-1.588225 

 

xx 2.373364 

 

PCNoxidized (octanol) 

 

-3.027731 -1.439506 25.862847 

PCNreduced (water) 

 

-2.491838 xx 95.368043 

PCNreduced (octanol) 

 

-2.574042 -0.082204 111.79018 

ΔEHB= EHBoctanol - EHBwater

Keq= -(Go
closed - Go

open)
                   (RT)
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PCAreduced-protonated 

(water) 

 

-6.199789 xx 5755.5051 

PCAreduced-protonated 

(octanol) 

 

-7.518813 -1.319024 46376.067 

PCAoxidized-protonated 

(water) 

 

-5.312491 xx 1759.2903 

PCAoxidized-protonated 

(octanol) 

 

-5.706567 -0.394076 3339.1868 

Pyocyaninoxidized-

protonated (water) 

 

-1.1401839 xx 5.951809 

Pyocyaninoxidized-

protonated (octanol) 

 

-1.9189225 -0.7787386 21.807981 

1-OH 

Phenazineoxidized 

(water) 

 

-1.5386521 xx 8.920126 
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1-OH 

Phenazineoxidized 

(octanol) 

 

-2.7227616 -1.1841095 63.430893 

 

Table A1. Intramolecular hydrogen bond energies, ΔEHB, and equilibrium constant (Keq) 

calculated at the uwb97xD/6-311+g(d,p)-SMD(solvent)//uwb97xD/cc-pvDZ-cpcm(solvent) 

level of theory, according to the equations depicted above. 

 

 

Metabolite LogD ΔLogD 

 

PCNoxidized (open) 

 

-1.002651 

 

xx 

 

PCNoxidized (closed) 

 

0.0344949 1.03714598 

PCNreduced (open) 

 

0.596071 xx 

 

PCNreduced (closed) 

 

0.665601 0.06898975 

 

PCAreduced-protonated (open) 

 

0.375764 xx 

PCAreduced-protonated (closed) 1.28183 0.90606544 
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PCAreduced 

 

-4.235971 xx 

PCAoxidized-protonated (open) 

 

-0.321952 xx 

PCAoxidized-protonated (closed) 

 

-0.043694 0.27825868 

PCAoxidized 

 

-6.372354 xx 

Pyocyaninreduced 1.74498086 xx 

Pyocyaninoxidized-protonated 

(open) 

 

-1.1866238 xx 

Pyocyaninoxidized-protonated 

(closed) 

 

-0.6227475 0.56387626 

Pyocyaninoxidized 

 

-0.0625507 xx 

1-OH Phenazinereduced 

 

1.11855389 xx 

1-OH Phenazineoxidized 

(open) 

 

-0.2000703 xx 
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1-OH Phenazineoxidized 

(closed) 

 

0.651722321 0.8517935 

 

Table A2. LogD and ΔLogD calculated at the uwb97xD/6-311+g(d,p)-

SMD(solvent)//uwb97xD/cc-pvDZ-cpcm(solvent) level of theory, according to the equations 

depicted above at neutral pH. 

 

 

Metabolite 

 

NBO Interaction Energy (kcal/mol) 

PCNoxidized 7.36 

 

PCNreduced 7.67 

PCAreduced  15.66 

PCAoxidized  no interaction 

Pyocyaninreduced 

 

0.71 

Pyocyaninoxidized 

 

no interaction 

1-OH Phenazinereduced 

 

0.65 

1-OH Phenazineoxidized 3.05 
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Table A3. Intramolecular hydrogen bonding strength calculated using NBO analysis at the 

uwb97xD/cc-pvDZ-cpcm(H2O) level of theory.  

 

Figure A6. Intramolecular hydrogen bonding within PCAreduced shown using NBO orbitals, 

generated from the oxygen lone pair, calculated at the uwb97xD/cc-pvDZ-cpcm(H2O) level of 

theory.  
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Figure A7. Intramolecular hydrogen bonding within PCAreduced shown using NBO orbitals, 

generated from the carbonyl π-bond, calculated at the uwb97xD/cc-pvDZ-cpcm(H2O) level of 

theory. 
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Figure A8. Intramolecular hydrogen bonding within OH-Phenazinereduced shown using NBO 

orbitals, calculated at the uwb97xD/cc-pvDZ-cpcm(H2O) level of theory. 
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Figure A9. Intramolecular hydrogen bonding within OH-Phenazineoxidized shown using NBO 

orbitals, calculated at the uwb97xD/cc-pvDZ-cpcm(H2O) level of theory. 

 

Figure A10. Intramolecular hydrogen bonding within Pyocyaninreduced shown using NBO 

orbitals, calculated at the uwb97xD/cc-pvDZ-cpcm(H2O) level of theory. 
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Figure A11. Intramolecular hydrogen bonding within PCNreduced shown using NBO orbitals, 

generated from the oxygen lone pair, calculated at the uwb97xD/cc-pvDZ-cpcm(H2O) level of 

theory. 



 

 

143 

143 

 

Figure A12. Intramolecular hydrogen bonding within PCNreduced shown using NBO orbitals, 

generated from the carbonyl π-bond, calculated at the uwb97xD/cc-pvDZ-cpcm(H2O) level of 

theory. 
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Figure A13. Intramolecular hydrogen bonding within PCNoxidized shown using NBO orbitals, 

calculated at the uwb97xD/cc-pvDZ-cpcm(H2O) level of theory. 

 

Table A4. Cartesian coordinates (xyz format) and energies of all the structures involved in each 

reaction mechanism studied calculated at the uwb97xD//cc-pvDZ-cpcm(solvent) level of 

theory. 

 

PCN_reduced_open 

E(scf) = -741.344857226 a.u. 

 

C 4.265822 -0.133093 0.340205 

C 3.389019 0.924961 0.073929 

C 2.426911 -1.688854 0.170160 

C 3.786399 -1.436961 0.389139 

H 5.322723 0.075121 0.512800 

H 3.755852 1.953264 0.042483 
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H 2.040146 -2.709517 0.212753 

H 4.460565 -2.267972 0.600920 

C 2.040658 0.676385 -0.164317 

C 1.556077 -0.642874 -0.116658 

C -0.231976 1.498480 -0.207046 

C -1.090898 2.568235 0.004977 

C -2.456396 2.351576 0.230176 

C -2.947864 1.060149 0.254109 

C -2.096846 -0.039801 0.034268 

C -0.726498 0.172012 -0.184989 

H -0.688131 3.583336 -0.010593 

H -3.121051 3.201360 0.388692 

H -4.003768 0.861611 0.436758 

N 0.195316 -0.860491 -0.394234 

N 1.128684 1.690304 -0.484629 

H -0.142493 -1.793648 -0.182225 

H 1.466877 2.636903 -0.359613 

C -2.741660 -1.393823 0.080776 

O -3.703161 -1.622773 0.801994 

N -2.189927 -2.365130 -0.712545 

 

 

Zero-point correction=                           0.222875 (Hartree/Particle) 

 Thermal correction to Energy=                    0.235843 

 Thermal correction to Enthalpy=                  0.236787 
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 Thermal correction to Gibbs Free Energy=         0.183369 

 Sum of electronic and zero-point Energies=           -741.121982 

 Sum of electronic and thermal Energies=              -741.109014 

 Sum of electronic and thermal Enthalpies=            -741.108070 

 Sum of electronic and thermal Free Energies=         -741.161489 

 

 

PCN_reduced_closed 

E(scf) = -741.350279331 a.u. 

 

C 4.271787 -0.145413 0.354472 

C 3.391967 0.929385 0.173050 

C 2.441989 -1.688515 0.027962 

C 3.798778 -1.450056 0.280834 

H 5.325847 0.051139 0.555935 

H 3.755125 1.957840 0.232459 

H 2.058485 -2.709739 -0.023069 

H 4.476039 -2.293488 0.422821 

C 2.048551 0.696658 -0.102001 

C 1.567578 -0.625031 -0.171959 

C -0.231908 1.520595 -0.154592 

C -1.115625 2.568270 0.047005 

C -2.492721 2.322897 0.166460 

C -2.965827 1.027005 0.131204 

C -2.081468 -0.065234 -0.027110 

C -0.710059 0.186012 -0.215425 

H -0.732275 3.590127 0.087019 

H -3.182778 3.158784 0.284093 

H -4.039620 0.852101 0.201404 

N 0.214556 -0.813612 -0.468596 

N 1.137292 1.730039 -0.354673 

H -0.180227 -1.753239 -0.474568 

H 1.470185 2.669043 -0.173273 

C -2.578933 -1.472480 -0.005937 

O -1.901711 -2.427305 -0.406402 

N -3.835571 -1.673839 0.463875 
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Zero-point correction=                           0.222637 (Hartree/Particle) 

 Thermal correction to Energy=                    0.235668 

 Thermal correction to Enthalpy=                  0.236612 

 Thermal correction to Gibbs Free Energy=         0.183037 

 Sum of electronic and zero-point Energies=           -741.127643 

 Sum of electronic and thermal Energies=              -741.114611 

 Sum of electronic and thermal Enthalpies=            -741.113667 

 Sum of electronic and thermal Free Energies=         -741.167242 

 

PCN_reduced_open_octanol 

E(scf) = -741.343252018 a.u. 

 

C 4.266249 -0.132813 0.339122 C 3.389359 0.924834 0.072322 
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C 2.427298 -1.688224 0.171316 

C 3.786764 -1.436441 0.389526 

H 5.323217 0.075440 0.511061 

H 3.756466 1.953048 0.039799 

H 2.040517 -2.708852 0.215237 

H 4.460926 -2.267257 0.601926 

C 2.040914 0.676366 -0.164856 

C 1.556279 -0.642675 -0.116010 

C -0.232087 1.498275 -0.207066 

C -1.091009 2.567905 0.004758 

C -2.456224 2.351409 0.230973 

C -2.947672 1.060104 0.255271 

C -2.096826 -0.039698 0.035043 

C -0.726489 0.172047 -0.184274 

H -0.688351 3.583098 -0.011319 

H -3.120785 3.201125 0.390088 

H -4.003182 0.860831 0.439111 

N 0.195387 -0.860931 -0.392746 

N 1.128755 1.690227 -0.485153 

H -0.142689 -1.792873 -0.175788 

H 1.466690 2.636588 -0.358573 

C -2.742847 -1.393074 0.080304 

O -3.710140 -1.620595 0.792477 

N -2.183770 -2.368368 -0.706543 

 

 

Zero-point correction=                           0.222925 (Hartree/Particle) 
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 Thermal correction to Energy=                    0.235885 

 Thermal correction to Enthalpy=                  0.236829 

 Thermal correction to Gibbs Free Energy=         0.183435 

 Sum of electronic and zero-point Energies=           -741.120327 

 Sum of electronic and thermal Energies=              -741.107367 

 Sum of electronic and thermal Enthalpies=            -741.106423 

 Sum of electronic and thermal Free Energies=         -741.159817 

 

PCN_reduced_closed_octanol 

E(scf) = -741.348848925 a.u. 

 

C 4.274051 -0.144341 0.348602 

C 3.393058 0.930094 0.171457 

C 2.444131 -1.687691 0.025565 

C 3.801461 -1.448927 0.274436 

H 5.328641 0.052440 0.546852 

H 3.756130 1.958619 0.230817 

H 2.060902 -2.708954 -0.025912 

H 4.479601 -2.292202 0.412830 

C 2.048979 0.697134 -0.099261 

C 1.568394 -0.624565 -0.169557 

C -0.232784 1.520685 -0.150992 

C -1.117649 2.567820 0.046771 

C -2.495249 2.322250 0.161805 

C -2.967497 1.026370 0.125983 

C -2.082095 -0.065798 -0.028023 

C -0.710129 0.185518 -0.211966 

H -0.734993 3.589978 0.086706 

H -3.185902 3.158143 0.275785 

H -4.041483 0.850700 0.191334 

N 0.214580 -0.813973 -0.460438 

N 1.136565 1.730677 -0.346972 

H -0.180011 -1.753662 -0.470509 

H 1.469130 2.669571 -0.165572 

C -2.578317 -1.472963 -0.005634 
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O -1.898674 -2.429172 -0.396416 N -3.840234 -1.673359 0.454903 

 

 

Zero-point correction=                           0.222673 (Hartree/Particle) 

 Thermal correction to Energy=                    0.235698 

 Thermal correction to Enthalpy=                  0.236643 

 Thermal correction to Gibbs Free Energy=         0.183084 

 Sum of electronic and zero-point Energies=           -741.126176 

 Sum of electronic and thermal Energies=              -741.113150 

 Sum of electronic and thermal Enthalpies=            -741.112206 

 Sum of electronic and thermal Free Energies=         -741.165764 

 

PCN_oxidized_open 

E(scf) = -740.117781549 a.u. 
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C 4.268597 -0.149452 -0.057849 

C 3.418177 0.917723 -0.016329 

C 2.419715 -1.728407 -0.081988 

C 3.763577 -1.488011 -0.092264 

H 5.347645 0.011511 -0.066259 

H 3.780517 1.946314 0.008074 

H 2.011973 -2.739829 -0.106099 

H 4.467787 -2.320652 -0.126566 

C 2.002308 0.707369 -0.005385 

C 1.495221 -0.636637 -0.034648 

C -0.134069 1.508387 0.035333 

C -1.051504 2.607128 0.044139 

C -2.395302 2.375964 0.032432 

C -2.902959 1.040718 0.022377 

C -2.065135 -0.042198 0.035074 

C -0.640245 0.163139 0.028671 

H -0.636280 3.615611 0.053943 

H -3.098568 3.209574 0.034698 

H -3.983520 0.886673 0.022691 

N 0.181388 -0.890543 -0.019334 

N 1.180302 1.763172 0.022955 

C -2.625609 -1.439817 0.130561 

O -2.359024 -2.185444 1.062767 

N -3.481903 -1.767981 -0.863254 

H -3.895894 -2.692300 -0.867740 

H -3.596606 -1.181321 -1.678176 

 

Zero-point correction=                           0.198600 (Hartree/Particle) 
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 Thermal correction to Energy=                    0.211223 

 Thermal correction to Enthalpy=                  0.212167 

 Thermal correction to Gibbs Free Energy=         0.159034 

 Sum of electronic and zero-point Energies=           -739.919182 

 Sum of electronic and thermal Energies=              -739.906558 

 Sum of electronic and thermal Enthalpies=            -739.905614 

 Sum of electronic and thermal Free Energies=         -739.958748 

 

 

PCN_oxidized_closed 

E(scf) = -740.126441754 a.u. 

 

C 4.274329 -0.080236 -0.000040 

C 3.405623 0.972809 -0.000105 

C 2.451906 -1.692672 0.000151 

C 3.791522 -1.427083 0.000094 

H 5.350509 0.098160 -0.000088 

H 3.748822 2.008072 -0.000203 

H 2.066064 -2.712973 0.000247 

H 4.510003 -2.248099 0.000147 

C 1.994351 0.735985 -0.000043 

C 1.512233 -0.614895 0.000073 

C -0.159736 1.501576 -0.000032 

C -1.078581 2.597968 -0.000020 

C -2.420738 2.360587 0.000053 

C -2.913119 1.024198 0.000075 

C -2.086065 -0.069045 0.000015 

C -0.655906 0.148648 0.000018 

H -0.663274 3.606340 -0.000059 

H -3.129852 3.189046 0.000082 

H -3.987589 0.839869 0.000126 

N 0.200789 -0.880145 0.000102 

N 1.150390 1.773560 -0.000080 

C -2.777180 -1.420415 -0.000001 
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O -4.005661 -1.484062 0.000089 

N -1.990017 -2.509700 -0.000277 

H -2.432034 -3.419644 -0.000376 

H -0.977340 -2.398828 -0.000227 

 

 

Zero-point correction=                           0.199481 (Hartree/Particle) 

 Thermal correction to Energy=                    0.211626 

 Thermal correction to Enthalpy=                  0.212570 

 Thermal correction to Gibbs Free Energy=         0.160749 

 Sum of electronic and zero-point Energies=           -739.926961 

 Sum of electronic and thermal Energies=              -739.914816 

 Sum of electronic and thermal Enthalpies=            -739.913872 

 Sum of electronic and thermal Free Energies=         -739.965693 

 

PCN_oxidized_open_octanol 

E(scf) = -740.116075096 a.u. 



 

 

154 
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C 4.267756 -0.150208 0.057228 

C 3.417806 0.917255 0.015963 

C 2.418525 -1.728594 0.081733 

C 3.762360 -1.488591 0.091631 

H 5.346877 0.010451 0.065289 

H 3.779943 1.945870 -0.008593 

H 2.009676 -2.739514 0.105364 

H 4.466300 -2.321497 0.125401 

C 2.001887 0.707407 0.005304 

C 1.494464 -0.636481 0.034743 

C -0.133809 1.508827 -0.034985 

C -1.051239 2.607508 -0.043547 

C -2.395024 2.376248 -0.031721 

C -2.902790 1.041062 -0.021913 

C -2.064909 -0.041713 -0.034938 

C -0.640150 0.163769 -0.028284 

H -0.635517 3.615748 -0.053518 

H -3.098166 3.210021 -0.034164 

H -3.983261 0.886324 -0.022942 

N 0.180803 -0.890228 0.020080 

N 1.180502 1.763572 -0.022629 

C -2.624526 -1.439793 -0.131907 

O -2.361952 -2.182750 -1.065576 

N -3.482142 -1.768677 0.863265 

H -3.876435 -2.701520 0.875113 

H -3.570053 -1.196723 1.691812 
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Zero-point correction=                           0.198606 (Hartree/Particle) 

 Thermal correction to Energy=                    0.211228 

 Thermal correction to Enthalpy=                  0.212172 

 Thermal correction to Gibbs Free Energy=         0.159018 

 Sum of electronic and zero-point Energies=           -739.917469 

 Sum of electronic and thermal Energies=              -739.904847 

 Sum of electronic and thermal Enthalpies=            -739.903903 

 Sum of electronic and thermal Free Energies=         -739.957057 

 

PCN_oxidized_closed_octanol 

E(scf) = -740.125300697 a.u. 

 

C 4.274595 -0.080572 -0.000088 

C 3.405751 0.972320 -0.000033 

C 2.452154 -1.692772 -0.000106 

C 3.791772 -1.427300 -0.000125 
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H 5.350784 0.097963 -0.000102 

H 3.748259 2.007798 -0.000003 

H 2.066248 -2.713055 -0.000134 

H 4.510135 -2.248469 -0.000170 

C 1.994521 0.735469 -0.000012 

C 1.512307 -0.615154 -0.000041 

C -0.159106 1.501308 0.000065 

C -1.077623 2.597972 0.000076 

C -2.419725 2.360793 0.000057 

C -2.912600 1.024532 0.000054 

C -2.085925 -0.068845 0.000093 

C -0.655772 0.148320 0.000065 

H -0.661399 3.605951 0.000073 

H -3.128678 3.189446 0.000020 

H -3.987013 0.839586 0.000025 

N 0.200828 -0.880606 -0.000010 

N 1.150841 1.773244 0.000035 

C -2.778760 -1.419709 0.000007 

O -4.006391 -1.482046 -0.000794 

N -1.991868 -2.510076 0.000841 

H -2.436049 -3.418845 -0.000017 

H -0.979303 -2.400113 0.000510 

 

 

Zero-point correction=                           0.199512 (Hartree/Particle) 

 Thermal correction to Energy=                    0.211659 
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 Thermal correction to Enthalpy=                  0.212603 

 Thermal correction to Gibbs Free Energy=         0.160772 

 Sum of electronic and zero-point Energies=           -739.925789 

 Sum of electronic and thermal Energies=              -739.913642 

 Sum of electronic and thermal Enthalpies=            -739.912698 

 Sum of electronic and thermal Free Energies=         -739.964528 

 

PCA_reduced_open 

E(scf) = -761.201341105 a.u. 

 

C -4.259925 -0.088303 0.255285 

C -3.356999 0.973941 0.126341 

C -2.454687 -1.657321 -0.078580 

C -3.811877 -1.399637 0.150225 

H -5.314097 0.122902 0.440183 

H -3.702333 2.006789 0.207980 

H -2.090671 -2.684367 -0.151800 

H -4.508306 -2.233158 0.250193 

C -2.012237 0.723921 -0.128104 

C -1.559125 -0.604380 -0.225785 

C 0.282712 1.509525 -0.109398 

C 1.179447 2.541682 0.128672 

C 2.551178 2.281831 0.261223 

C 3.011883 0.981990 0.192962 

C 2.108781 -0.085982 0.015653 

C 0.744306 0.172370 -0.179179 

H 0.805651 3.566147 0.185254 

H 3.244749 3.107639 0.421218 

H 4.071840 0.751575 0.298147 

N -0.196474 -0.806090 -0.494327 

N -1.077419 1.746331 -0.332748 

C 2.689585 -1.460518 0.020798 

O 3.781918 -1.730642 -0.415763 

O 1.942298 -2.446330 0.570087 

H 1.223262 -2.067673 1.098089 

H 0.113571 -1.757666 -0.635296 
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158 

 

 

Zero-point correction=                           0.209784 (Hartree/Particle) 

 Thermal correction to Energy=                    0.222886 

 Thermal correction to Enthalpy=                  0.223830 

 Thermal correction to Gibbs Free Energy=         0.169523 

 Sum of electronic and zero-point Energies=           -760.991557 

 Sum of electronic and thermal Energies=              -760.978455 

 Sum of electronic and thermal Enthalpies=            -760.977511 

 Sum of electronic and thermal Free Energies=         -761.031818 

 

 

PCA_reduced_closed  

E(scf) = -761.215996897 a.u. 
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C 4.298767 -0.126822 -0.257468 

C 3.406658 0.939664 -0.090769 

C 2.465527 -1.684020 -0.044680 

C 3.830515 -1.434971 -0.233802 

H 5.359467 0.079086 -0.408113 

H 3.766727 1.970597 -0.111561 

H 2.085666 -2.707797 -0.031892 

H 4.517411 -2.272187 -0.364867 

C 2.052725 0.696330 0.117305 

C 1.578066 -0.628787 0.137250 

C -0.235963 1.508374 0.130144 

C -1.124180 2.553374 -0.058754 

C -2.502192 2.310148 -0.200657 

C -2.976924 1.017332 -0.174335 

C -2.086331 -0.070028 -0.007978 

C -0.708871 0.169411 0.155239 

H -0.742647 3.576494 -0.081894 

H -3.186421 3.148688 -0.332177 

H -4.040248 0.812877 -0.284817 

N 0.212111 -0.838047 0.360457 

N 1.129272 1.722215 0.344869 

C -2.596686 -1.453629 -0.007818 

O -1.917281 -2.461508 0.131264 

O -3.921116 -1.536058 -0.183638 

H -4.146620 -2.479924 -0.168227 

 

Zero-point correction=                           0.210624 (Hartree/Particle) 

 Thermal correction to Energy=                    0.223276 



 

 

160 

160 

 Thermal correction to Enthalpy=                  0.224220 

 Thermal correction to Gibbs Free Energy=         0.171229 

 Sum of electronic and zero-point Energies=           -761.005373 

 Sum of electronic and thermal Energies=              -760.992721 

 Sum of electronic and thermal Enthalpies=            -760.991777 

 Sum of electronic and thermal Free Energies=         -761.044768 

 

 

 

 

PCA_oxidized_open  

E(scf) = -759.980243658 a.u. 

 

C -4.289817 -0.130663 0.032770 

C -3.432029 0.929998 -0.019327 

C -2.451764 -1.721637 0.105607 

C -3.793921 -1.471652 0.097513 

H -5.367807 0.037166 0.026967 

H -3.786675 1.960467 -0.065868 

H -2.051261 -2.735102 0.152446 

H -4.504268 -2.298687 0.140068 

C -2.017925 0.708516 -0.011540 

C -1.519557 -0.637049 0.046404 

C 0.125842 1.489812 -0.041310 

C 1.042480 2.588707 -0.050934 

C 2.386282 2.361274 -0.017863 

C 2.890471 1.028428 0.010995 

C 2.055414 -0.060240 -0.006310 

C 0.625712 0.140980 -0.013633 

H 0.624540 3.595786 -0.077690 

H 3.089663 3.194336 -0.018449 

H 3.968632 0.871511 0.027402 

N -0.207960 -0.901439 0.047524 
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N -1.186134 1.755522 -0.045986 

C 2.645772 -1.431828 -0.080194 

O 2.159816 -2.383511 -0.644587 

O 3.839543 -1.490059 0.533282 

H 4.189200 -2.383375 0.381730 

 

 

Zero-point correction=                           0.186892 (Hartree/Particle) 

 Thermal correction to Energy=                    0.198931 

 Thermal correction to Enthalpy=                  0.199875 

 Thermal correction to Gibbs Free Energy=         0.147772 

 Sum of electronic and zero-point Energies=           -759.793352 

 Sum of electronic and thermal Energies=              -759.781313 

 Sum of electronic and thermal Enthalpies=            -759.780369 

 Sum of electronic and thermal Free Energies=         -759.832472 
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PCA_oxidized_closed  

E(scf) = -759.992882352 a.u. 

 

C -4.246355 -0.041451 0.000047 

C -3.368867 1.003913 0.000027 

C -2.439176 -1.672719 0.000055 

C -3.775870 -1.392602 0.000062 

H -5.320797 0.146200 0.000052 

H -3.702591 2.042056 0.000016 

H -2.063739 -2.696645 0.000064 

H -4.502095 -2.206630 0.000079 

C -1.959629 0.755414 0.000020 

C -1.492803 -0.603224 0.000033 

C 0.199130 1.508722 -0.000001 

C 1.141292 2.584980 -0.000007 

C 2.480509 2.321535 -0.000015 

C 2.953185 0.977558 -0.000027 

C 2.096482 -0.092601 -0.000021 

C 0.677969 0.155792 0.000000 

H 0.749435 3.602620 -0.000004 

H 3.203105 3.137897 -0.000018 

H 4.025052 0.778381 -0.000043 

N -0.181579 -0.870138 0.000022 

N -1.109233 1.788058 0.000005 

C 2.693398 -1.477027 -0.000061 

O 3.893851 -1.652525 -0.000135 

O 1.852795 -2.503169 0.000002 

H 0.918551 -2.153510 0.000049 
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Zero-point correction=                           0.187337 (Hartree/Particle) 

 Thermal correction to Energy=                    0.198982 

 Thermal correction to Enthalpy=                  0.199926 

 Thermal correction to Gibbs Free Energy=         0.149183 

 Sum of electronic and zero-point Energies=           -759.805546 

 Sum of electronic and thermal Energies=              -759.793900 

 Sum of electronic and thermal Enthalpies=            -759.792956 

 Sum of electronic and thermal Free Energies=         -759.843699 

 

 

 

PCA_reduced_open_octanol  

E(scf) = -761.199691694 a.u. 
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C -4.261289 -0.087140 0.251274 

C -3.357376 0.974508 0.125126 

C -2.456185 -1.656489 -0.079256 

C -3.813766 -1.398443 0.146331 

H -5.315783 0.124526 0.433564 

H -3.702675 2.007456 0.206175 

H -2.092720 -2.683764 -0.152714 

H -4.510897 -2.231637 0.243708 

C -2.012194 0.724266 -0.126082 

C -1.559450 -0.604228 -0.223327 

C 0.283862 1.509455 -0.107513 

C 1.181434 2.541471 0.127701 

C 2.553265 2.281455 0.257647 

C 3.013527 0.981461 0.189518 

C 2.109865 -0.086167 0.015226 

C 0.745131 0.172405 -0.176806 

H 0.808192 3.566227 0.183726 

H 3.247466 3.107219 0.415032 

H 4.073619 0.750328 0.291481 

N -0.196446 -0.807032 -0.487416 

N -1.076782 1.746509 -0.327862 

C 2.689993 -1.461532 0.020020 

O 3.780680 -1.733342 -0.417137 

O 1.939803 -2.445492 0.571470 

H 1.224197 -2.061727 1.099993 

 

Zero-point correction=                           0.209795 (Hartree/Particle) 

 Thermal correction to Energy=                    0.222919 
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 Thermal correction to Enthalpy=                  0.223863 

 Thermal correction to Gibbs Free Energy=         0.169449 

 Sum of electronic and zero-point Energies=           -760.989896 

 Sum of electronic and thermal Energies=              -760.976773 

 Sum of electronic and thermal Enthalpies=            -760.975828 

 Sum of electronic and thermal Free Energies=         -761.030243 

 

 

 

 

PCA_reduced_closed_octanol  

E(scf) = -761.214907541 a.u. 

 

C 4.299660 -0.126425 -0.254270 

C 3.407050 0.939837 -0.089576 

C 2.466329 -1.683501 -0.043958 

C 3.831505 -1.434433 -0.230742 

H 5.360588 0.079503 -0.403062 

H 3.767215 1.970791 -0.109978 

H 2.086511 -2.707277 -0.031342 

H 4.518726 -2.271607 -0.360112 

C 2.052901 0.696525 0.115969 

C 1.578289 -0.628509 0.135651 

C -0.236539 1.508512 0.128449 

C -1.125355 2.553150 -0.058305 

C -2.503573 2.309861 -0.198385 

C -2.977831 1.017053 -0.172076 

C -2.086642 -0.070063 -0.007772 

C -0.708979 0.169353 0.153258 

H -0.744205 3.576476 -0.081127 

H -3.188194 3.148308 -0.328328 

H -4.041186 0.812023 -0.281006 

N 0.212091 -0.838054 0.355429 
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N 1.128948 1.722568 0.341134 

C -2.596086 -1.453682 -0.007716 

O -1.916580 -2.461616 0.128687 

O -3.921425 -1.537092 -0.180568 

H -4.143879 -2.481522 -0.165145 

 

 

Zero-point correction=                           0.210677 (Hartree/Particle) 

 Thermal correction to Energy=                    0.223327 

 Thermal correction to Enthalpy=                  0.224271 

 Thermal correction to Gibbs Free Energy=         0.171287 

 Sum of electronic and zero-point Energies=           -761.004230 

 Sum of electronic and thermal Energies=              -760.991580 

 Sum of electronic and thermal Enthalpies=            -760.990636 

 Sum of electronic and thermal Free Energies=         -761.043621 
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PCA_oxidized_open_octanol  

E(scf) = -759.979014688 a.u. 

 

C -4.289349 -0.131025 0.032079 

C -3.431899 0.929830 -0.019962 

C -2.451119 -1.721641 0.105826 

C -3.793225 -1.471912 0.097211 

H -5.367408 0.036631 0.025858 

H -3.786246 1.960365 -0.066861 

H -2.049545 -2.734635 0.152682 

H -4.503406 -2.299141 0.139537 

C -2.017753 0.708672 -0.011717 

C -1.519207 -0.636785 0.046715 

C 0.125518 1.489969 -0.041126 

C 1.042137 2.588818 -0.050699 

C 2.385905 2.361275 -0.017454 

C 2.890165 1.028462 0.011327 

C 2.055153 -0.060132 -0.005938 

C 0.625483 0.141233 -0.013077 

H 0.623646 3.595662 -0.077573 

H 3.089245 3.194447 -0.017934 

H 3.968262 0.871086 0.027926 

N -0.207844 -0.901247 0.048414 

N -1.186366 1.755883 -0.046069 

C 2.644806 -1.432050 -0.080187 

O 2.157326 -2.384676 -0.640315 

O 3.842326 -1.489228 0.528434 

H 4.188007 -2.383925 0.377014 
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Zero-point correction=                           0.186912 (Hartree/Particle) 

 Thermal correction to Energy=                    0.198950 

 Thermal correction to Enthalpy=                  0.199894 

 Thermal correction to Gibbs Free Energy=         0.147789 

 Sum of electronic and zero-point Energies=           -759.792102 

 Sum of electronic and thermal Energies=              -759.780065 

 Sum of electronic and thermal Enthalpies=            -759.779120 

 Sum of electronic and thermal Free Energies=         -759.831226 

 

 

 

PCA_oxidized_closed_octanol  

E(scf) = -759.991601693 a.u. 
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C -4.247046 -0.042524 0.000073 

C -3.369700 1.002951 0.000093 

C -2.439530 -1.673216 -0.000045 

C -3.776283 -1.393520 0.000002 

H -5.321555 0.145029 0.000104 

H -3.703084 2.041213 0.000135 

H -2.063568 -2.696979 -0.000112 

H -4.502233 -2.207855 -0.000009 

C -1.960425 0.754738 0.000041 

C -1.493239 -0.603555 -0.000019 

C 0.197864 1.508465 -0.000006 

C 1.139605 2.585118 -0.000050 

C 2.478791 2.321916 -0.000122 

C 2.952011 0.978030 -0.000105 

C 2.095996 -0.092548 -0.000047 

C 0.677332 0.155435 -0.000025 

H 0.746783 3.602397 -0.000030 

H 3.201170 3.138567 -0.000170 

H 4.023779 0.777977 -0.000120 

N -0.182012 -0.870638 -0.000053 

N -1.110386 1.787701 0.000034 

C 2.695976 -1.475705 0.000055 

O 3.895975 -1.647784 0.000171 

O 1.858179 -2.504207 -0.000003 

H 0.924140 -2.157386 -0.000080 

 

Zero-point correction=                           0.187403 (Hartree/Particle) 

 Thermal correction to Energy=                    0.199054 
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 Thermal correction to Enthalpy=                  0.199998 

 Thermal correction to Gibbs Free Energy=         0.149223 

 Sum of electronic and zero-point Energies=           -759.804199 

 Sum of electronic and thermal Energies=              -759.792548 

 Sum of electronic and thermal Enthalpies=            -759.791604 

 Sum of electronic and thermal Free Energies=         -759.842378 

 

 

 

 

PCA_reduced_negative_closed  

E(scf) = -760.737927513 a.u. 

 

C 4.228089 -0.080592 -0.331218 

C 3.328840 0.974091 -0.120281 

C 2.420506 -1.658916 -0.045872 

C 3.773949 -1.393116 -0.292929 

H 5.278901 0.138334 -0.527533 

H 3.675549 2.009876 -0.153210 

H 2.053636 -2.687509 -0.022382 

H 4.463810 -2.222445 -0.458446 

C 1.989619 0.715024 0.150943 

C 1.523711 -0.617938 0.185853 

C -0.298591 1.501650 0.173327 

C -1.191459 2.535166 -0.075127 

C -2.552249 2.253938 -0.269527 

C -2.994831 0.941148 -0.238223 

C -2.107443 -0.127220 -0.016046 

C -0.752626 0.163867 0.206591 

H -0.826322 3.564790 -0.105151 

H -3.251654 3.072727 -0.448414 

H -4.044491 0.691034 -0.392725 

N 0.180439 -0.836966 0.483792 
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N 1.065035 1.731446 0.437145 

C -2.649268 -1.561069 -0.033145 

O -1.809279 -2.502678 0.099870 

O -3.880254 -1.698651 -0.186800 

H -0.248397 -1.766557 0.344832 

H 1.387433 2.672824 0.245840 

 

Zero-point correction=                           0.197392 (Hartree/Particle) 

 Thermal correction to Energy=                    0.209658 

 Thermal correction to Enthalpy=                  0.210603 

 Thermal correction to Gibbs Free Energy=         0.158373 

 Sum of electronic and zero-point Energies=           -760.540536 

 Sum of electronic and thermal Energies=              -760.528269 

 Sum of electronic and thermal Enthalpies=            -760.527325 

 Sum of electronic and thermal Free Energies=         -760.579554 
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PCA_oxidized_negative  

E(scf) = -759.498515862 a.u. 

 

C -4.246396 -0.096328 0.027940 

C -3.375913 0.954335 -0.033302 

C -2.424514 -1.701425 0.127911 

C -3.765041 -1.440946 0.111767 

H -5.322587 0.083645 0.014849 

H -3.720600 1.987766 -0.094157 

H -2.033432 -2.718202 0.188676 

H -4.483192 -2.260970 0.161973 

C -1.963614 0.720720 -0.016302 

C -1.479599 -0.627519 0.058618 

C 0.188939 1.482782 -0.045709 

C 1.118846 2.569418 -0.060416 

C 2.457872 2.311626 -0.008023 

C 2.941461 0.969543 0.045500 

C 2.103719 -0.115551 0.013985 

C 0.680039 0.125624 -0.004984 

H 0.719007 3.583491 -0.101789 

H 3.174383 3.135556 -0.007058 

H 4.017685 0.795292 0.101943 

N -0.170309 -0.906253 0.064589 

N -1.121647 1.760867 -0.058788 

C 2.706251 -1.530944 -0.046480 

O 2.303707 -2.253309 -0.983421 

O 3.576308 -1.786302 0.817412 
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Zero-point correction=                           0.173632 (Hartree/Particle) 

 Thermal correction to Energy=                    0.185528 

 Thermal correction to Enthalpy=                  0.186472 

 Thermal correction to Gibbs Free Energy=         0.134397 

 Sum of electronic and zero-point Energies=           -759.324884 

 Sum of electronic and thermal Energies=              -759.312988 

 Sum of electronic and thermal Enthalpies=            -759.312044 

 Sum of electronic and thermal Free Energies=         -759.364119 

 

 

 

 

PCA_reduced_negative_octanol 

E(scf) = -760.729175798 a.u. 

 



 

 

174 

174 

C 4.228125 -0.079914 -0.329975 

C 3.327825 0.974602 -0.121144 

C 2.420123 -1.657814 -0.044340 

C 3.773795 -1.392073 -0.290168 

H 5.279128 0.139023 -0.525581 

H 3.674346 2.010582 -0.154725 

H 2.052825 -2.686170 -0.020528 

H 4.463772 -2.221759 -0.453937 

C 1.988544 0.716104 0.149162 

C 1.521852 -0.617306 0.185083 

C -0.300376 1.502805 0.172836 

C -1.194305 2.535608 -0.074153 

C -2.554966 2.252764 -0.267270 

C -2.995915 0.939194 -0.235921 

C -2.107379 -0.127666 -0.014871 

C -0.753112 0.165284 0.206512 

H -0.830168 3.565765 -0.104134 

H -3.255697 3.070748 -0.445227 

H -4.045012 0.685909 -0.389617 

N 0.179882 -0.836399 0.480121 

N 1.064552 1.733309 0.434600 

C -2.646592 -1.564173 -0.033284 

O -1.802336 -2.501786 0.101190 

O -3.876152 -1.702520 -0.189234 

 

Zero-point correction=                           0.197300 (Hartree/Particle) 

 Thermal correction to Energy=                    0.209571 



 

 

175 

175 

 Thermal correction to Enthalpy=                  0.210515 

 Thermal correction to Gibbs Free Energy=         0.158285 

 Sum of electronic and zero-point Energies=           -760.531876 

 Sum of electronic and thermal Energies=              -760.519605 

 Sum of electronic and thermal Enthalpies=            -760.518661 

 Sum of electronic and thermal Free Energies=         -760.570891 

 

 

 

 

PCA_oxidized_negative_octanol 

E(scf) = -759.488860169 a.u. 

 

C -4.247441 -0.097964 0.028371 

C -3.377257 0.953063 -0.033924 

C -2.424698 -1.701368 0.129655 

C -3.765526 -1.442137 0.113259 

H -5.323804 0.081805 0.015193 

H -3.721876 1.986528 -0.095683 

H -2.031307 -2.717206 0.190861 

H -4.483015 -2.262831 0.163947 

C -1.964858 0.720416 -0.016872 

C -1.480439 -0.626969 0.059495 

C 0.187063 1.482584 -0.046890 

C 1.116632 2.569336 -0.062262 

C 2.455547 2.311039 -0.008391 

C 2.939584 0.969387 0.047030 

C 2.103121 -0.116653 0.015456 

C 0.679145 0.124857 -0.004679 

H 0.716043 3.583088 -0.104890 

H 3.171969 3.135293 -0.007593 

H 4.015283 0.793337 0.106301 

N -0.171378 -0.906166 0.066322 



 

 

176 

176 

N -1.123344 1.761128 -0.060244 

C 2.710981 -1.532125 -0.046678 

O 2.292839 -2.259368 -0.971763 

O 3.598240 -1.773825 0.802750 

 

Zero-point correction=                           0.173589 (Hartree/Particle) 

 Thermal correction to Energy=                    0.185485 

 Thermal correction to Enthalpy=                  0.186429 

 Thermal correction to Gibbs Free Energy=         0.134403 

 Sum of electronic and zero-point Energies=           -759.315271 

 Sum of electronic and thermal Energies=              -759.303376 

 Sum of electronic and thermal Enthalpies=            -759.302431 

 Sum of electronic and thermal Free Energies=         -759.354457 

 

 

 

 



 

 

177 

177 

Pyocyanin_reduced_closed 

E(scf) = -687.172803951 a.u. 

 

C 3.769293 0.059908 0.475917 

C 2.716227 0.959781 0.260445 

C 2.282851 -1.780057 0.010883 

C 3.555878 -1.305627 0.349036 

H 4.752989 0.444405 0.749596 

H 2.895657 2.027514 0.382930 

H 2.097562 -2.852656 -0.080861 

H 4.368683 -2.013680 0.517639 

C 1.454301 0.500371 -0.114814 

C 1.240241 -0.891871 -0.229427 

C -0.917564 0.872805 -0.113498 

C -1.986974 1.691275 0.265376 

C -3.245660 1.128153 0.491517 

C -3.448422 -0.242876 0.373391 

C -2.372023 -1.064893 0.026112 

C -1.116365 -0.511874 -0.227138 

H -1.847965 2.764622 0.384444 

H -4.079224 1.774243 0.770505 

H -4.431181 -0.683846 0.553032 

N -0.036495 -1.321916 -0.618450 

N 0.371841 1.355165 -0.410096 

O -2.458876 -2.418936 -0.106403 

C 0.595776 2.782472 -0.459862 

H 0.679480 3.248050 0.539960 

H 1.518685 2.985715 -1.018515 

H -0.230804 3.260748 -1.000674 

H -3.354180 -2.707347 0.108697 

H -0.211473 -2.314414 -0.503344 



 

 

178 

178 

 

Zero-point correction=                           0.228000 (Hartree/Particle) 

 Thermal correction to Energy=                    0.240437 

 Thermal correction to Enthalpy=                  0.241382 

 Thermal correction to Gibbs Free Energy=         0.189938 

 Sum of electronic and zero-point Energies=           -686.944804 

 Sum of electronic and thermal Energies=              -686.932367 

 Sum of electronic and thermal Enthalpies=            -686.931422 

 Sum of electronic and thermal Free Energies=         -686.982866 

 

 

Pyocyanin_reduced_closed_octanol 

E(scf) = -687.171721153 a.u. 

 

C 3.769989 0.060489 0.474777 C 2.716408 0.959956 0.260703 



 

 

179 

179 

C 2.283840 -1.779467 0.010081 

C 3.556946 -1.304864 0.347248 

H 4.753781 0.445118 0.747820 

H 2.895434 2.027687 0.383813 

H 2.098967 -2.852099 -0.082209 

H 4.370182 -2.012686 0.514583 

C 1.454471 0.500396 -0.113679 

C 1.240645 -0.891734 -0.228592 

C -0.917853 0.872604 -0.112434 

C -1.987728 1.690870 0.265174 

C -3.246631 1.128008 0.489929 

C -3.448911 -0.242964 0.371776 

C -2.372054 -1.064754 0.025963 

C -1.116258 -0.512090 -0.226103 

H -1.848770 2.764174 0.384585 

H -4.080510 1.774084 0.767895 

H -4.431934 -0.683853 0.550474 

N -0.036296 -1.322003 -0.615839 

N 0.371550 1.355021 -0.407706 

O -2.458907 -2.419334 -0.105932 

C 0.595191 2.781786 -0.460615 

H 0.679120 3.249921 0.538149 

H 1.518003 2.983833 -1.019987 

H -0.231625 3.258725 -1.002387 

H -3.355069 -2.706277 0.106454 

H -0.211429 -2.314495 -0.502288 

 

Zero-point correction=                           0.228019 (Hartree/Particle) 



 

 

180 

180 

 Thermal correction to Energy=                    0.240462 

 Thermal correction to Enthalpy=                  0.241406 

 Thermal correction to Gibbs Free Energy=         0.189954 

 Sum of electronic and zero-point Energies=           -686.943702 

 Sum of electronic and thermal Energies=              -686.931260 

 Sum of electronic and thermal Enthalpies=            -686.930315 

 Sum of electronic and thermal Free Energies=         -686.981767 

 

 

Pyocyanin_oxidized 

E(scf) = -685.939462987 a.u. 

 

C 3.816581 0.076282 0.085863 

C 2.767988 0.977394 0.056406 

C 2.302339 -1.782974 0.001714 

C 3.596371 -1.312816 0.051996 

H 4.836009 0.460586 0.144345 

H 2.989692 2.040612 0.109384 

H 2.075029 -2.849528 -0.015046 

H 4.439006 -2.003783 0.074434 

C 1.438238 0.509814 -0.012440 

C 1.210753 -0.889384 -0.023554 

C -0.938409 0.839731 0.012720 

C -2.066474 1.625696 0.099520 

C -3.348049 1.003158 0.122644 

C -3.553944 -0.347071 0.059604 

C -2.441816 -1.262214 -0.027344 

C -1.070620 -0.619298 -0.026090 

H -2.010356 2.708822 0.164917 

H -4.216751 1.662708 0.194897 

H -4.558815 -0.771019 0.074068 

N -0.051314 -1.421899 -0.055431 

N 0.341938 1.347828 -0.061319 

O -2.551125 -2.486980 -0.088933 



 

 

181 

181 

C 0.494138 2.793403 -0.167434 

H 0.329261 3.276051 0.806861 

H 1.488875 3.045335 -0.538599 

H -0.239888 3.174233 -0.888173 

 

Zero-point correction=                           0.204471 (Hartree/Particle) 

 Thermal correction to Energy=                    0.216363 

 Thermal correction to Enthalpy=                  0.217307 

 Thermal correction to Gibbs Free Energy=         0.166121 

 Sum of electronic and zero-point Energies=           -685.734992 

 Sum of electronic and thermal Energies=              -685.723100 

 Sum of electronic and thermal Enthalpies=            -685.722156 

 Sum of electronic and thermal Free Energies=         -685.773342 

 

 

 

Pyocyanin_oxidized_octanol 



 

 

182 

182 

E(scf) = -685.937499895 a.u. 

 

C 3.817491 0.074970 0.088843 

C 2.768537 0.976521 0.057548 

C 2.301710 -1.782749 0.003427 

C 3.596644 -1.313236 0.055302 

H 4.836978 0.459084 0.148760 

H 2.990010 2.039899 0.111023 

H 2.073224 -2.849041 -0.013171 

H 4.438610 -2.005007 0.079285 

C 1.439242 0.509402 -0.013168 

C 1.211213 -0.889254 -0.023846 

C -0.938392 0.840242 0.013582 

C -2.065535 1.624893 0.104689 

C -3.349514 1.002723 0.129136 

C -3.556081 -0.345610 0.062926 

C -2.442826 -1.261943 -0.029331 

C -1.070148 -0.619451 -0.027345 

H -2.009334 2.707978 0.172718 

H -4.217211 1.663211 0.204939 

H -4.560350 -0.770686 0.077997 

N -0.052087 -1.422053 -0.057329 

N 0.342794 1.348216 -0.064378 

O -2.553055 -2.484462 -0.095274 

C 0.496274 2.792371 -0.175068 

H 0.343459 3.279379 0.799349 

H 1.487518 3.041161 -0.558500 

H -0.245109 3.173310 -0.888442 



 

 

183 

183 

 

Zero-point correction=                           0.204450 (Hartree/Particle) 

 Thermal correction to Energy=                    0.216357 

 Thermal correction to Enthalpy=                  0.217301 

 Thermal correction to Gibbs Free Energy=         0.166097 

 Sum of electronic and zero-point Energies=           -685.733050 

 Sum of electronic and thermal Energies=              -685.721143 

 Sum of electronic and thermal Enthalpies=            -685.720199 

 Sum of electronic and thermal Free Energies=         -685.771403 

 

 

 

Pyocyanin_oxidized_protonated_closed 

E(scf) = -686.399216694 a.u. 

 



 

 

184 

184 

C 3.795705 0.081443 0.078293 

C 2.765322 0.988548 0.058985 

C 2.290994 -1.796676 -0.017522 

C 3.569320 -1.320492 0.030173 

H 4.819069 0.453020 0.138981 

H 2.991872 2.049216 0.121360 

H 2.062616 -2.861875 -0.041950 

H 4.417098 -2.004659 0.041735 

C 1.428158 0.523352 -0.007435 

C 1.190980 -0.890441 -0.025981 

C -0.923403 0.875137 -0.000319 

C -2.076009 1.681369 0.063076 

C -3.311883 1.064777 0.083234 

C -3.492922 -0.334325 0.039920 

C -2.388366 -1.148490 -0.008160 

C -1.070370 -0.553340 -0.018980 

H -2.016607 2.763922 0.121293 

H -4.200045 1.695550 0.140181 

H -4.490839 -0.769689 0.053983 

N -0.048953 -1.389964 -0.047784 

N 0.350334 1.364088 -0.046081 

O -2.483903 -2.473173 -0.037001 

C 0.549850 2.818425 -0.124026 

H 0.558954 3.246773 0.886221 

H 1.488988 3.031486 -0.636583 

H -0.257799 3.256015 -0.715100 

 

Zero-point correction=                           0.218585 (Hartree/Particle) 



 

 

185 

185 

 Thermal correction to Energy=                    0.230417 

 Thermal correction to Enthalpy=                  0.231361 

 Thermal correction to Gibbs Free Energy=         0.180725 

 Sum of electronic and zero-point Energies=           -686.180632 

 Sum of electronic and thermal Energies=              -686.168800 

 Sum of electronic and thermal Enthalpies=            -686.167855 

 Sum of electronic and thermal Free Energies=         -686.218491 

 

 

 

Pyocyanin_oxidized_protonated_open 

E(scf) = -686.393711483 a.u. 

 

C 3.812853 0.047861 0.081289 

C 2.790024 0.963508 0.060682 

C 2.292140 -1.815848 -0.017345 

C 3.574776 -1.352090 0.032304 

H 4.839206 0.411031 0.143814 

H 3.026432 2.021947 0.124416 

H 2.052835 -2.878639 -0.042488 

H 4.416599 -2.043656 0.044828 

C 1.449179 0.508352 -0.007652 

C 1.197223 -0.901349 -0.026731 

C -0.900440 0.866881 -0.001226 

C -2.035183 1.700795 0.066074 

C -3.282321 1.116096 0.089539 

C -3.483875 -0.279570 0.043777 

C -2.399999 -1.122517 -0.009372 

C -1.063937 -0.563881 -0.021262 

H -1.949260 2.781303 0.125715 

H -4.158880 1.762179 0.150622 

H -4.495863 -0.685159 0.060281 

N -0.041277 -1.402675 -0.050948 



 

 

186 

186 

N 0.375115 1.351916 -0.047935 

O -2.466789 -2.452523 -0.044116 

C 0.578990 2.805473 -0.130888 

H 0.548724 3.243887 0.874596 

H 1.537803 3.013702 -0.606739 

H -0.203478 3.238454 -0.758547 

 

Zero-point correction=                           0.218397 (Hartree/Particle) 

 Thermal correction to Energy=                    0.230302 

 Thermal correction to Enthalpy=                  0.231246 

 Thermal correction to Gibbs Free Energy=         0.180592 

 Sum of electronic and zero-point Energies=           -686.175314 

 Sum of electronic and thermal Energies=              -686.163410 

 Sum of electronic and thermal Enthalpies=            -686.162466 

 Sum of electronic and thermal Free Energies=         -686.213120 

 

 

 



 

 

187 

187 

Pyocyanin_oxidized_protonated_closed_octanol 

E(scf) = -686.393003486 a.u. 

 

C 3.796316 0.080601 0.078611 

C 2.765948 0.988144 0.059396 

C 2.291025 -1.796733 -0.017612 

C 3.569676 -1.321055 0.030206 

H 4.819823 0.451918 0.139487 

H 2.993141 2.048733 0.122149 

H 2.062380 -2.861899 -0.042198 

H 4.417205 -2.005551 0.041695 

C 1.428819 0.523436 -0.007249 

C 1.191357 -0.890229 -0.026022 

C -0.923660 0.875696 -0.000081 

C -2.075885 1.681405 0.063496 

C -3.312211 1.064256 0.083649 

C -3.493461 -0.334190 0.040075 

C -2.388705 -1.148734 -0.008282 

C -1.070486 -0.553293 -0.019040 

H -2.017213 2.764042 0.122065 

H -4.200381 1.695094 0.140829 

H -4.491202 -0.769906 0.054157 

N -0.048983 -1.389478 -0.047997 

N 0.350649 1.364405 -0.046076 

O -2.485212 -2.472410 -0.037305 

C 0.550178 2.818512 -0.124978 

H 0.559228 3.248464 0.884760 

H 1.489476 3.031438 -0.637605 

H -0.257541 3.255919 -0.716359 



 

 

188 

188 

 

Zero-point correction=                           0.218567 (Hartree/Particle) 

 Thermal correction to Energy=                    0.230412 

 Thermal correction to Enthalpy=                  0.231356 

 Thermal correction to Gibbs Free Energy=         0.180667 

 Sum of electronic and zero-point Energies=           -686.174437 

 Sum of electronic and thermal Energies=              -686.162592 

 Sum of electronic and thermal Enthalpies=            -686.161648 

 Sum of electronic and thermal Free Energies=         -686.212337 

 

 

 

Pyocyanin_oxidized_protonated_open_octanol 

E(scf) = -686.387409115 a.u. 

 



 

 

189 

189 

C 3.813018 0.047650 0.081493 

C 2.790221 0.963764 0.060966 

C 2.292109 -1.815624 -0.017418 

C 3.574917 -1.352087 0.032318 

H 4.839480 0.410651 0.144132 

H 3.027253 2.022114 0.124990 

H 2.052163 -2.878270 -0.042682 

H 4.416647 -2.043763 0.044796 

C 1.449530 0.508940 -0.007474 

C 1.197510 -0.900836 -0.026755 

C -0.900946 0.867143 -0.001044 

C -2.035849 1.700394 0.066392 

C -3.283050 1.114931 0.089827 

C -3.484166 -0.280434 0.043878 

C -2.399753 -1.123247 -0.009445 

C -1.063843 -0.563717 -0.021281 

H -1.950855 2.781020 0.126351 

H -4.159856 1.760755 0.151068 

H -4.496170 -0.686111 0.060362 

N -0.041010 -1.402035 -0.051080 

N 0.374890 1.352451 -0.047880 

O -2.465147 -2.452554 -0.044389 

C 0.578046 2.805883 -0.131587 

H 0.545271 3.246013 0.873217 

H 1.537864 3.014591 -0.605437 

H -0.203411 3.238012 -0.761370 

 

Zero-point correction=                           0.218367 (Hartree/Particle) 



 

 

190 

190 

 Thermal correction to Energy=                    0.230286 

 Thermal correction to Enthalpy=                  0.231230 

 Thermal correction to Gibbs Free Energy=         0.180519 

 Sum of electronic and zero-point Energies=           -686.169042 

 Sum of electronic and thermal Energies=              -686.157123 

 Sum of electronic and thermal Enthalpies=            -686.156179 

 Sum of electronic and thermal Free Energies=         -686.206890 

 

 

 

OH-phenazine_reduced_closed 

E(scf) = -647.878437189 a.u. 

 

C -3.835848 -0.473704 -0.323529 

C -2.732907 -1.304385 -0.090556 

C -2.415767 1.462222 -0.064706 

C -3.677183 0.906866 -0.311290 

H -4.812860 -0.918262 -0.518679 

H -2.847157 -2.390734 -0.107917 

H -2.280429 2.546183 -0.060923 

H -4.527849 1.564368 -0.496849 

C -1.481475 -0.758493 0.177972 

C -1.320486 0.642795 0.191924 

C 0.914744 -1.042687 0.184973 

C 2.014320 -1.860927 -0.080611 

C 3.264118 -1.283799 -0.312231 

C 3.422001 0.099789 -0.300612 

C 2.314014 0.916031 -0.051649 

C 1.063024 0.350245 0.202036 

H 1.888303 -2.944977 -0.098020 

H 4.125889 -1.923276 -0.508342 

H 4.397173 0.555021 -0.485711 

N -0.051261 1.155408 0.503810 



 

 

191 

191 

N -0.360366 -1.555355 0.468914 

O 2.362705 2.277764 -0.026095 

H 0.084690 2.138293 0.295666 

H -0.476967 -2.545127 0.285199 

H 3.257621 2.572303 -0.235054 

 

Zero-point correction=                           0.199668 (Hartree/Particle) 

 Thermal correction to Energy=                    0.210780 

 Thermal correction to Enthalpy=                  0.211724 

 Thermal correction to Gibbs Free Energy=         0.162997 

 Sum of electronic and zero-point Energies=           -647.678770 

 Sum of electronic and thermal Energies=              -647.667658 

 Sum of electronic and thermal Enthalpies=            -647.666713 

 Sum of electronic and thermal Free Energies=         -647.715440 

 

 

 

 



 

 

192 

192 

OH-phenazine_reduced_closed_octanol 

E(scf) = -647.877216847 a.u. 

 

C -3.836716 -0.473875 -0.321460 

C -2.733325 -1.304293 -0.090188 

C -2.416575 1.461826 -0.063908 

C -3.678193 0.906511 -0.308939 

H -4.813936 -0.918471 -0.515293 

H -2.847661 -2.390665 -0.107465 

H -2.281512 2.545824 -0.059748 

H -4.529202 1.563947 -0.492957 

C -1.481715 -0.758487 0.176647 

C -1.320805 0.642705 0.190750 

C 0.915067 -1.042568 0.183683 

C 2.015169 -1.860497 -0.080016 

C 3.265267 -1.283600 -0.309776 

C 3.422701 0.099901 -0.298279 

C 2.314201 0.915838 -0.051344 

C 1.063013 0.350361 0.200741 

H 1.889517 -2.944611 -0.097174 

H 4.127390 -1.923055 -0.504194 

H 4.398249 0.555060 -0.481854 

N -0.051364 1.155344 0.500348 

N -0.360147 -1.555382 0.465588 

O 2.362807 2.278025 -0.026756 

H 0.084845 2.138593 0.294407 

H -0.476610 -2.544893 0.282073 

H 3.258509 2.571410 -0.232765 



 

 

193 

193 

 

Zero-point correction=                           0.199664 (Hartree/Particle) 

 Thermal correction to Energy=                    0.210788 

 Thermal correction to Enthalpy=                  0.211732 

 Thermal correction to Gibbs Free Energy=         0.162980 

 Sum of electronic and zero-point Energies=           -647.677552 

 Sum of electronic and thermal Energies=              -647.666429 

 Sum of electronic and thermal Enthalpies=            -647.665484 

 Sum of electronic and thermal Free Energies=         -647.714237 

 

 

 

 

OH-phenazine_oxidized_closed 

E(scf) = -646.663074024 a.u. 
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C 3.815118 -0.525115 0.000043 

C 2.725707 -1.348930 0.000029 

C 2.416814 1.462709 0.000031 

C 3.659748 0.896394 0.000044 

H 4.820217 -0.949481 0.000054 

H 2.822682 -2.435374 0.000028 

H 2.273882 2.544115 0.000031 

H 4.548724 1.528743 0.000055 

C 1.405106 -0.797445 0.000015 

C 1.253618 0.632425 0.000016 

C -0.866359 -1.063936 -0.000012 

C -2.044987 -1.871513 -0.000027 

C -3.272275 -1.265953 -0.000041 

C -3.426319 0.153139 -0.000039 

C -2.319775 0.959691 -0.000025 

C -1.007332 0.362463 -0.000011 

H -1.932539 -2.955674 -0.000028 

H -4.174867 -1.879652 -0.000052 

H -4.420633 0.600290 -0.000050 

N 0.035546 1.191033 0.000003 

N 0.349833 -1.624652 0.000001 

O -2.399072 2.300025 -0.000023 

H -1.476937 2.618587 -0.000011 

 

Zero-point correction=                           0.176682 (Hartree/Particle) 

 Thermal correction to Energy=                    0.186739 

 Thermal correction to Enthalpy=                  0.187683 
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 Thermal correction to Gibbs Free Energy=         0.140997 

 Sum of electronic and zero-point Energies=           -646.486392 

 Sum of electronic and thermal Energies=              -646.476335 

 Sum of electronic and thermal Enthalpies=            -646.475391 

 Sum of electronic and thermal Free Energies=         -646.522077 

 

 

 

 

 

OH-phenazine_oxidized_closed_octanol 

E(scf) = -646.662458149 a.u. 

 

C 3.814895 -0.525183 0.000043 

C 2.725411 -1.348802 0.000029 

C 2.416695 1.462612 0.000031 

C 3.659578 0.896263 0.000044 

H 4.819960 -0.949704 0.000054 

H 2.821551 -2.435292 0.000028 

H 2.273560 2.543986 0.000031 

H 4.548538 1.528697 0.000055 

C 1.404869 -0.797226 0.000015 

C 1.253438 0.632500 0.000016 

C -0.866180 -1.063949 -0.000012 

C -2.044713 -1.871578 -0.000027 

C -3.271888 -1.266000 -0.000040 

C -3.426141 0.153058 -0.000039 

C -2.319787 0.959764 -0.000025 

C -1.007339 0.362510 -0.000011 

H -1.931605 -2.955615 -0.000028 

H -4.174429 -1.879806 -0.000052 

H -4.420294 0.600489 -0.000050 

N 0.035386 1.191240 0.000003 
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N 0.349853 -1.624607 0.000001 

O -2.398820 2.299936 -0.000023 

H -1.476422 2.617508 -0.000012 

 

Zero-point correction=                           0.176716 (Hartree/Particle) 

 Thermal correction to Energy=                    0.186769 

 Thermal correction to Enthalpy=                  0.187713 

 Thermal correction to Gibbs Free Energy=         0.141034 

 Sum of electronic and zero-point Energies=           -646.485742 

 Sum of electronic and thermal Energies=              -646.475689 

 Sum of electronic and thermal Enthalpies=            -646.474745 

 Sum of electronic and thermal Free Energies=         -646.521424 
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OH-phenazine_oxidized_open 

E(scf) = -646.656242773 a.u. 

 

C 3.838920 -0.493013 0.000043 

C 2.755228 -1.324309 0.000029 

C 2.425899 1.483666 0.000031 

C 3.673294 0.927766 0.000044 

H 4.847109 -0.910280 0.000054 

H 2.859538 -2.410205 0.000028 

H 2.273461 2.563874 0.000032 

H 4.557737 1.566571 0.000056 

C 1.431485 -0.779973 0.000015 

C 1.265920 0.645898 0.000016 

C -0.838662 -1.051134 -0.000012 

C -1.995723 -1.890223 -0.000027 

C -3.237008 -1.320985 -0.000040 

C -3.413361 0.093900 -0.000039 

C -2.330632 0.935055 -0.000025 

C -0.996213 0.379488 -0.000011 

H -1.849078 -2.970321 -0.000027 

H -4.126830 -1.952649 -0.000052 

H -4.422946 0.509996 -0.000050 

N 0.049726 1.207291 0.000003 

N 0.379206 -1.608702 0.000001 

O -2.409479 2.279624 -0.000023 

H -3.340569 2.539090 -0.000033 
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Zero-point correction=                           0.176434 (Hartree/Particle) 

 Thermal correction to Energy=                    0.186622 

 Thermal correction to Enthalpy=                  0.187566 

 Thermal correction to Gibbs Free Energy=         0.140611 

 Sum of electronic and zero-point Energies=           -646.479809 

 Sum of electronic and thermal Energies=              -646.469621 

 Sum of electronic and thermal Enthalpies=            -646.468677 

 Sum of electronic and thermal Free Energies=         -646.515631 

 

 

 

 

 

OH-phenazine_oxidized_open_octanol 

E(scf) = -646.655107629 a.u. 

 

C 3.838518 -0.493037 0.000043 

C 2.754896 -1.324305 0.000029 

C 2.425620 1.483655 0.000031 

C 3.672920 0.927718 0.000044 

H 4.846716 -0.910384 0.000054 

H 2.858502 -2.410239 0.000028 

H 2.272477 2.563727 0.000032 

H 4.557368 1.566578 0.000056 

C 1.431202 -0.779924 0.000015 

C 1.265674 0.645895 0.000016 

C -0.838402 -1.050944 -0.000012 

C -1.995481 -1.890166 -0.000027 

C -3.236670 -1.321178 -0.000040 

C -3.412912 0.093802 -0.000039 
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C -2.330305 0.935047 -0.000025 

C -0.995851 0.379590 -0.000011 

H -1.848074 -2.970112 -0.000027 

H -4.126434 -1.952964 -0.000052 

H -4.422642 0.509816 -0.000050 

N 0.049741 1.207560 0.000003 

N 0.379168 -1.608788 0.000001 

O -2.409384 2.279628 -0.000023 

H -3.340448 2.538221 -0.000033 

 

Zero-point correction=                           0.176438 (Hartree/Particle) 

 Thermal correction to Energy=                    0.186629 

 Thermal correction to Enthalpy=                  0.187573 

 Thermal correction to Gibbs Free Energy=         0.140613 

 Sum of electronic and zero-point Energies=           -646.478670 

 Sum of electronic and thermal Energies=              -646.468479 

 Sum of electronic and thermal Enthalpies=            -646.467535 

 Sum of electronic and thermal Free Energies=         -646.514495 
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LogP prediction algorithms 

We used four freely available, peer reviewed predictive algorithms relying on 

different methods of calculation to predict LogP values for neutral forms of the 

phenazines used in this study. We restricted our search to neutral forms of the 

molecules because several of these tools do not include charged molecules in their 

domains and thus give the same prediction for the protonated and deprotonated forms 

of, for example, PCA. iLOGP and XLogP3 were accessed through the SwissADME 

online tool14. The KOWWIN algorithm was accessed through the EPI (Estimation 

Program Interface) Suite15.The molecular inspirations  miLogP algorithm was 

accessed as a free tool on the molinspiration website, which has unfortunately been 

discontinued as of January 202616. 

 

cLogP Algorithm descriptions 

 

miLogP 

  

miLogP is a free LogP prediction algorithm produced by Molinspiration16. It bases 

predictions on the contributions of known molecular fragments that it identifies 

within a molecule’s structure. The empirical fragment contributions to lipophilicity 

are based on a training set of over 12,000 compounds, most of them drug-like, with 

measured LogP values. They include the influence of hydrogen bonding and charge 

interactions. 
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XLogP3 

 

XLogP3 is based on the work of Wang et al., who developed an additive method 

based not on molecular fragments but on the individual atoms that constitute a 

molecule17. It includes contributions from element type, the identity of adjacent 

atoms, conjugation to a ring or extended pi system, and hybridization state. Summed 

atomic contributions are adjusted using correction factors to account for more 

complicated interactions attributable to halogens, intramolecular hydrogen bonds, 

etc. XLogP3 is the latest release of the software that, whenever possible, improves 

the accuracy of the original algorithm’s calculations by using a structurally similar 

reference compound as a starting point for the additive, atom-based calculation18. 

 

KOWWIN: 

Based on the work of Meylan and Howard19-21, KOWWIN sums contributions from 

atoms and/or fragments identified within the molecule of interest. The 150 

atom/fragment contributions recognized by the model were initially determined 

based on a training set of 2473 experimental LogP structure/value pairs for 

compounds with relatively simple structures. The model was then validated on an 

additional set of over 10,500 molecules of greater structural complexity. Correction 

factors account for interactions like steric hindrance and hydrogen bonding that might 

otherwise be missed by the atom/fragment approach. 
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iLOGP 

 

iLOGP, short for “implicit log P”, is a physics-based prediction method correlating 

experimental LogP measurements with computed solvation energies of analytes in 

octanol and in water22. It approximates contributions to solvation free energies in 

both solvents using two terms: 1) the electrostatic contribution, assessed using a 

generalized Born (GB) model to approximate solutions to the Poisson-Boltzman 

equation; and 2) the nonpolar contribution, approximated by the computed surface 

accessible free surface area (SASA). The resulting GB/SA model was then regressed 

against experimental values for thousands of molecules in a test set. The resulting 

model requires no corrective terms because it considers the geometry and polarity of 

the whole molecule, a fact which differentiates it wholly from atomistic or fragmental 

approaches like those listed above. 

 

 

For each algorithm, predictions were based on the following SMILES sequences:  

PCA: O=C(O)C1=CC=CC2=C1N=C3C(C=CC=C3)=N2 (oxidized) and 

O=C(O)C1=CC=CC2=C1NC3=C(N2)C=CC=C3 (reduced);  

PCN: O=C(N)C1=CC=CC2=C1N=C3C(C=CC=C3)=N2 (oxidized) and 

O=C(N)C1=CC=CC2=C1NC3=C(N2)C=CC=C3 (reduced);  

PYO: O=C1C=CC=C(C1=N2)N(C)C3=C2C=CC=C3 (oxidized) and 

OC1=C2C(N(C)C3=CC=CC=C3N2)=CC=C1 (reduced);  
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1-OH-phenazine: OC1=CC=CC2=C1N=C3C(C=CC=C3)=N2 (oxidized) and 

OC1=CC=CC2=C1NC3=C(N2)C=CC=C3 (reduced);  

phenazine: C12=NC(C=CC=C3)=C3N=C1C=CC=C2 (oxidized) and 

C1(NC(C=CC=C2)=C2N3)=C3C=CC=C1 (reduced). 

 

 

 

 

 

Experimental Methods 

No unexpected or unusually high safety hazards were encountered. 

 

Chemicals 

Unless otherwise noted, all chemicals were purchased from Sigma. All solvents were 

HPLC grade. Formic acid and Acetonitrile were purchased from Fisher. All water 

used was nanopore grade (resistivity > 18 MΩ). PCN was purchased from 

ChemScene. PCA was purchased from Princeton Biomolecules. These molecules 

were used without further purification. 

 

PYO was synthesized according to an established method with slight modifications23. 

Briefly, an aqueous solution of sodium bicarbonate and phenazine methosulfate was 

exposed to broad spectrum light in a light box for 16 hours at room temperature, 

causing decomposition to PYO. PYO was then purified in three extraction steps: first 
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with DCM, then with 0.1 M HCl, and finally with DCM after neutralizing the acid 

with 10 M NaOH. DCM was removed by rotovap, and PYO was dissolved in a small 

volume of 80:20 DCM:MeOH solution. PYO was then precipitated by the addition 

of 200mL hexanes, and solids were vacuum filtered and washed with additional 

hexanes until flowthrough was clear. The identity and purity of PYO was confirmed 

against a lab standard by HPLC, and the powder was stored in the dark at -20 oC for 

future experiments.  

To ensure no significant decomposition, phenazine purity was assessed by HPLC at 

the start of each experiment. 

 

Phenazine solutions 

Phenazine stocks were all prepared in 20 mM MOPS at pH 7.2. For those that did 

not dissolve readily in water, we first dissolved a known amount of the solid in a 

known mass of methanol, then diluted by a factor of at least 25 using 20 mM MOPS. 

Small amounts of carrier solvent are not expected to influence partitioning 

behavior24. 

 

Because of observed side reactions between octanol and phenazines, especially when 

exposed to light, oxygen, a continuous reducing potential, or long-term storage, we 

did not saturate any phenazine stock solutions with octanol prior to partition 

experiments. However, we pre-saturated all octanol with 20 mM MOPS at pH 7.2. 

The amount of octanol that dissolves in water (7.5x10-5 mole fraction) is very small 

relative to the appreciable amount of water that dissolves in octanol (0.275 mole 
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fraction)25-27. Thus, we assumed that volume changes due to small amounts of octanol 

dissolving in the aqueous phase during partition experiments would be negligible. 

Furthermore, our HPLC method is insensitive to volume changes in the equilibration 

experiment because it relies on the detection of analyte in both the octanol and the 

water phases. 

 

Electrochemical Phenazine Reduction 

All reduced phenazine stocks were prepared in well-stirred glass reaction vessels 

using solutions containing 0.1 mM to 1 mM phenazine in 20 mM MOPS at pH 7.2. 

Reducing potentials were chosen to be at least 250mV lower than the midpoint 

potential of the phenazine to be reduced. We then used a potentiostat to apply the 

chosen potential via a graphite rod working electrode and a Ag/AgCl (3M KCl) 

reference electrode. In all cases, we used a platinum counter electrode submerged in 

oxidized phenazine solution and connected to the working electrode vessel either by 

a glass frit (for PCA, PCN, and PYO), or by a salt bridge made by solidifying a 

mixture of 4% agar saturated with 3 M KCl in a serological pipette tip (for phenazine 

and 1-OH phenazine). Reduction was considered complete when the current 

measured at the reference electrode dropped below 1% of its initial value. 

 

Equilibration Conditions  

Exploring our desired condition space of octanol-water partitioning required the 

development of a high throughput equilibration and measurement method that could 

make use of small amounts of expensive or difficult-to-acquire analytes. We settled 
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on a modified shake-flask method using sealable 2mL polypropylene eppendorf-style 

centrifuge tubes as reaction vessels and HPLC as an analytical method28. 

 

To minimize the influence of oxygen, we set up, equilibrated, and sampled all 

experiments in a Coy anaerobic chamber with an atmosphere of 95% N2 and 5% H2 

. To perform an experiment, we used a syringe to dispense a small volume (typically 

300µL, but volumes down to 150 µL in some cases) of octanol (pre-saturated with 

20 mM MOPS at pH 7.2) into an eppendorf-style tube. Then, we used a pipette to 

dispense an aqueous phenazine solution (300µL) into the same tube. We then closed 

the tube and vortexed the mixture for 30s before placing it in a temperature-controlled 

shaker at 250 RPM for at least 16 hours, which was determined to be sufficient to 

reach equilibrium (Figure A14). 
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Figure A14. Control experiments to establish sufficient equilibration times with our 

experimental setup were carried out with oxidized PCN. Plotted points indicate 

individual replicates taken at each time point. Dashed lines indicate the average value 

from the last five time points plus or minus the standard deviation of those 

measurements. Based on these experiments, we determined that sampling after 16 

hours was sufficient for PCA, PCN, and PYO. Out of an abundance of caution, we 

lengthened equilibration time to 24 hours for phenazine and 1-OH phenazine, which 

we worked with less frequently. 
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Sampling Procedure 

To sample partition experiments after equilibration, we removed tubes from the 

heating block and centrifuged them for 90 s at 14,100xg using a microcentrifuge. We 

then collected about 100 µL of each of the fully separated octanol and water phases 

using separate 1 mL insulin syringes. Because the water phase sits below the octanol 

phase and small amounts of carryover can skew the measured partition coefficient 

significantly, we took great care to ensure no octanol contaminated the water 

samples. Before sampling the water phase, we pulled a small amount of air into the 

syringe. We then inserted the needle through the octanol phase, and, once the needle 

tip entered the water phase, ejected the air before drawing any of the water phase into 

the syringe. After withdrawing the needle and before dispensing the collected water 

phase into the HPLC vial for measurement, a small volume of the water phase was 

discarded to ensure no octanol remained at the tip of the syringe. All samples were 

measured in triplicate. 

 

Because the reduced and oxidized forms of phenazines are known to absorb light 

differently, HPLC samples were removed from the Coy chamber and left uncapped 

under aluminum foil (to exclude light) on the benchtop for up to 2 hours prior to 

measurement to allow re-oxidation of reduced phenazine samples29. Samples were 

then capped and stored at 10oC until measurement. Samples were measured within 3 

days of equilibration to avoid complications from reaction with octanol that were 

occasionally observed, especially in the case of PCA. 
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Liquid Chromatography Measurements 

All HPLC separations were performed on a Waters Alliance HPLC connected to a 

Waters 2998 PDA detector set to detect wavelengths from 200-800nm at 20Hz with 

1.2nm resolution. To minimize errors in equilibration experiments, especially those 

associated with dispensing small volumes of octanol, we chose to measure analyte in 

both octanol and water phases. To avoid on-column interference from octanol in the 

samples, we used a phenyl column rather than a C18 column as well as a large 

proportion of methanol in the mobile phase, which helped to solubilize both 

phenazines and octanol. Even so, the retention times for the same analyte often 

differed between octanol and water fractions. 

 

 

For equilibration experiments, we used Methods A, B, and C. A and B were both 

isocratic 1.0 mL/min flows of 70:30 MeOH: H2O with a phenyl column (XBridge 

BEH 5 µM particle size 4.6 x 250 mm), both solvents containing either 0.1% v/v 

formic acid (final pH ≤ 3, Method A) or 0.1% v/v NH4OH (final pH  ≥ 9, Method C). 

Method C was an acidic gradient method using the same phenyl column used in 

Methods A and B, using solvents X (H2O + 0.1% v/v formic acid) and Y (70:30 

MeOH: H2O + 0.1% v/v formic acid) flowing at 1mL/min according to the following 

gradient: 0-5 minutes: linear gradient from 95% X, 5% Y to 40% X, 60% Y; 5-8 

minutes: linear gradient to 5% X, 95% Y; 8-10 minutes: linear gradient to 95% X, 

5% Y. 
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For measurements of PYO in cell culture supernatant for the cell pellet retention 

assay, we used a C18 column (XBridge BEH 2.5µm particle size, 3 x 100mm) and 

the following basic gradient method (final pH  ≥ 9, Method D), using solvent A (H2O 

+ 2% v/v MeOH + 0.1% v/v NH4OH) and Solvent B (acetonitrile + 2% v/v MeOH + 

0.1% v/v NH4OH) at 0.5 mL/min: 0-6 minutes: linear gradient from  98%A, 2%B to 

80%A, 20%B; 6-8 minutes: linear gradient to 5%A, 95%B; 8-9 minutes hold at 5%A, 

95%B; 9-9.1 minutes: linear gradient to 98%A, 2%B; 9.1-16 minutes: hold at 98%A, 

2%B. A standard curve was prepared using the same method and was used to assess 

PYO concentrations down to 150nM. Prior to introducing them to the column, pellet 

supernatant samples were filtered using Costar SpinX centrifuge tube filters with 0.22 

µm cellulose acetate filters. 

 

 

 

Phenazine Sample 

Type 

Method A 

(acidic, 

isocratic, 

phenyl 

column) 

Method 

B 

(basic, 

isocratic, 

phenyl 

column) 

Method 

C 

(acidic, 

gradient, 

phenyl 

column) 

Method 

D 

(basic, 

gradient, 

C18 

column) 

Detection 

Wavelengths 

(nm) 

Retention 

Time (min) 

PCA abiotic 

partitioning 

X    364 8.4 
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PCN abiotic 

partitioning 

X    287, 364 4.3 in oct. 

4.5, 5.5a in 

water 

PYO abiotic 

partitioning 

 Xb   313 3.6 

PYO abiotic 

partitioning 

  X  387 6.6 

PYO cell pellet 

and 

membrane 

retention 

   X 313 6.3 

Colchicin

e 

abiotic 

partitioning 

control 

X    352 5.0 

Table A5. Samples and corresponding HPLC methods. a: multiple peaks attributed to 

PCN and its protonated rotamer in aqueous fraction (see the following methods section 

and Figures A2 and A3 for more information) b: Subsequent PYO samples were 

measured in basic conditions after recognizing an improvement in peak shapes 

compared to the acidic method. 

 

 

Waters Empower 3 software was used to run the HPLC methods and to process the 

data. The built-in Apex Track Algorithm was used to extract chromatograms at 

wavelengths characteristic of each phenazine (Table A5). When strong partitioning 
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resulted in extremely dilute water fractions, equilibration volumes and HPLC 

injection volumes were adjusted to ensure signals remained within the linear range 

of the detector. Peak areas in octanol and water, corrected for injection volume, were 

used to calculate distribution coefficients directly according to Equation 2. For each 

sample, the same wavelength was monitored in both octanol and water fractions. 

 

Treatment of PCN rotamer peak observed via HPLC 

 

In most of our samples, only one peak attributable to the analyte was visible. 

However, aqueous fractions of PCN samples often exhibited two peaks with different 

retention times but identical absorbance spectra characteristic of PCN. To determine 

whether both peaks were attributable to PCN, we used the same chromatography 

settings and PDA detector then routed the outflow through a Waters Acquity QDa 

single quadrupole mass spectrometer. Mass scans were collected simultaneously 

from 100 to 900 Da in the positive mode and 100 to 600 Da in the negative mode. In 

addition, a selected ion recording channel was collected in the positive mode for 

211.09, 224.08, and 225.07 Da, the masses expected for pyocyanin, phenazine-1-

carboxamide, and phenazine-1-carboxylic acid, respectively. The probe temperature 

was 600°C and the capillary voltage was 0.8 kV. In all cases, one of the two peaks 

had a mass corresponding to PCN (~224.08 Da) while the other possessed a mass 

about one atomic mass unit greater than PCN (~224.94 Da).  We speculate that the 

additional peaks are likely the result of a protonated rotamer preferentially stabilized 

in the water phase but not in the octanol phase (Figures A2 and A3). In these 



 

 

213 

213 

samples, we assumed that the 224.9 Da peak possessed the same absorption 

coefficient as the ~224.08 Da peak observed in the water and in the octanol phases. 

We thus calculated the distribution coefficient using the sum of the peak areas in the 

water fraction as the aqueous peak area (Figure A17). 

 

 

 

 

Figure A15. An example of a HPLC chromatogram extracted at 248nm to measure 

PCN in the octanol fraction of an equilibration experiment. The peak at 4.298 minutes 

has the absorbance spectrum (top right panel) and  [M+1]+ ion mass characteristic of 

protonated PCN (224.01Da). The small peak at 4.444 minutes has neither the correct 

mass nor the correct absorption spectrum for PCN. It was deemed an impurity, possibly 

related to the commercial synthesis of the PCN, and was not included in LogD 

calculations. 
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Figure A16. The HPLC chromatogram extracted at 248nm to measure PCN in the 

aqueous fraction of the same equilibration experiment sample as the panel above (Figure 

S2). The peak at 4.520 minutes has the characteristic absorbance spectrum and mass of 

the protonated PCN [M+1]+ ion (224.02 Da) (top right panel), while the peak at 5.512 

minutes has an essentially identical absorbance spectrum but a mass of 224.94 Da 

(bottom right panel). In this study, we attributed this peak to a rotamer of PCN stabilized 

in water but not in octanol, which would help justify its similar absorbance spectrum 

while accounting for its different retention time and mass. We assumed the absorption 

coefficient was not significantly different from PCN, and thus added the two measured 

peak areas in the water fraction together when calculating the distribution coefficient 

LogD according to Figure A17. 

 

 



 

 

215 

215 

 

𝐿𝑜𝑔𝐷 = 𝐿𝑜𝑔"#)
[𝑝𝑒𝑎𝑘	𝑎𝑟𝑒𝑎	𝑜𝑐𝑡𝑎𝑛𝑜𝑙]$
[𝑝𝑒𝑎𝑘	𝑎𝑟𝑒𝑎	𝑤𝑎𝑡𝑒𝑟]$

∗
𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛	𝑣𝑜𝑙𝑢𝑚𝑒	𝑤𝑎𝑡𝑒𝑟
𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛	𝑣𝑜𝑙𝑢𝑚𝑒	𝑜𝑐𝑡𝑎𝑛𝑜𝑙

,

$

 

 

Figure A17. Equation used to calculate octanol-water distribution coefficients for an 

analyte with n chromatographic peaks. For all samples, the same wavelength was 

monitored in octanol and water fractions. In rare cases when multiple peaks were 

present, mass and absorption spectra were used together to select and sum only peaks 

attributable to the intended analyte in its different ionization/rotamer forms and to 

exclude any peaks from impurities. 

 

 

Ionic Strength Samples 

To assess the effects of ionic identity and strength on phenazine partitioning, we used 

single-salt solutions at 0.1 M and 1 M ionic strengths. To check for constructive or 

destructive influences of multiple salts in an environmentally relevant mixture, we 

used a solution of artificial seawater (minus carbonate and trace metals, to avoid 

interference) consisting of the following salts and concentrations: MgCl2, 46.6 mM; 

CaCl2, 1.36 mM; NaCl, 456.88 mM; KCl, 7.00 mM; Na2SO4, 10.00 mM; K2HPO4, 

1.00 mM; NH4Cl, 2.00 mM. The ionic strength of the artificial seawater solution was 

0.7 M, and we also used a 10x dilution of the same salt mixture (0.07 M ionic 

strength) to check for concentration effects. 
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Prior to equilibration with octanol, phenazine stock solutions were amended with 

volumes (up to 1/3rd of the final aqueous sample volume) of concentrated salt 

solutions prepared in water. pH changes were monitored with pH paper. Only the 

phosphate samples demonstrated a significant deviation from the buffered pH of 7.2 

to a final pH of 8.5, a change which, based on the distance from the relevant pKa 

values, should not significantly affect the percentage of protonated and deprotonated 

species for any of the phenazines studied. 

 

Samples were then equilibrated at 25 °C with shaking, sampled by syringe, and 

measured by HPLC as described above. 

 

pH Samples 

Phenazine stock solutions were prepared as above, buffered with 20 mM MOPS. To 

adjust the pH, small volumes (up to 1/30th of the final aqueous sample volume) of 1 

M HCl or NaOH were added to overwhelm the buffer, and pH was measured to the 

nearest 0.5 pH units in the anaerobic chamber using pH paper. When the pH was 

lowered to 3, PCA samples precipitated in the aqueous phase, but crystals dissolved 

fully when the octanol phase was introduced. 

 

PYO Retention Samples 

 

Experiment 1: cell pellets washed under normoxic or anoxic conditions 
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To assess the biological implications of the measured redox sensitivity of PYO's 

LogD, we conducted an experiment with late stationary phase P. aeruginosa cultures. 

P. aeruginosa PA14 cells were grown to late stationary phase (20 hours) in 5 mL of 

LB at 37 °C with vigorous shaking to ensure aeration. For each of three biological 

replicates, two 1 mL aliquots were taken from the same culture tube and washed 

either aerobically or anaerobically. While the aerobic aliquot was washed three times 

with PBS on the benchtop, the anaerobic aliquot was allowed to rest in an anaerobic 

chamber for 45 minutes, allowing the cells to reduce the PYO in the supernatant (a 

process that is visually apparent as the blue, oxidized PYO transforms to its colorless 

reduced form). Then the anaerobic aliquot was washed three times in the anaerobic 

chamber with N2-sparged PBS. One wash consisted of spinning the cells down at 

10,000xg for 1 minute, removing the supernatant, and resuspending the cell pellet in 

fresh PBS. After three washes, both the aerobic and the anaerobic cells were washed 

once more with aerobic PBS on the benchtop. In all conditions, supernatant was 

collected from the original culture, from the third wash, and from the fourth, aerobic 

wash. Supernatant samples were then analyzed by HPLC using method C listed in 

HPLC Conditions. Concentrations were calculated using a calibration curve 

constructed using pure PYO (Figure A4). 

 

Experiment 2: membrane PYO retention measurement 

A Pseudomonas aeruginosa culture (1 L) was grown under aerobic conditions in LB 

medium at 37 °C with shaking at 250 RPM to stationary phase (OD5₀₀ = 4.7). Cells 

were allowed to stand on the benchtop for 5 minutes before centrifugation, during 
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which time the color of the culture changed from blue (attributable to oxidized 

pyocyanin) to colorless (suggesting pyocyanin was reduced). Cells were harvested 

by centrifugation at 8000 RPM for 10 minutes. Culture supernatant was collected, 

mixed 1:1 with methanol, and stored at −20 °C until measurement. Cell pellets were 

resuspended in PBS (pH 7.0) supplemented with DNase I and lysed using an Avestin 

Emulsiflex C3 homogenizer (three passes at 15,000 PSI). The resulting lysate was 

subjected to ultracentrifugation at 38,000 RPM for 50 minutes at 4 °C to separate 

soluble and membrane fractions. Phenazines were extracted from the membrane 

fraction by adding 20 mL of methanol followed by vigorous vortexing and 

ultracentrifugation at 38,000 RPM for 10 minutes. During the first extraction, the 

color of the pellet changed from colorless (tinged with red, likely because of 

cytochrome hemes) to blue (attributable to oxidized pyocyanin). This extraction 

procedure was repeated three times, at which point both the membrane pellet and the 

methanol were colorless. The three resulting methanol fractions were pooled and 

evaporated on a rotovap to a volume of 4.7mL prior to LC–MS analysis. During the 

drying process, solids appeared in the solvent. These presumed protein aggregates 

were separated via centrifugation at 5300 RPM for 10 minutes, and the resulting 

supernatant was diluted 1:10 with fresh methanol prior to measurement. Medium and 

membrane fraction extract were both measured by HPLC method D described above, 

and concentrations were calculated based on the same standard curve as in PYO 

retention experiment 1 (Figure A4). 
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Figure A18. Standard curve used to calculate pyocyanin concentrations in 

supernatant samples from cellular retention assay and membrane retention assay. 

Standard solutions were prepared at concentrations of 150, 75, 25, 1.5, and 0.15 µM. 

 

  

Ionic context exerts only minor control on phenazine lipophilicity 

For most organic solutes, increasing ionic strength in the aqueous phase induces a 

"salting out" effect, increasing the observed lipophilicity. For the purposes of this 

discussion, we consider a "normal" salting out effect to be an increase in lipophilicity 

with an increase in ionic strength, while a "reverse" salting out effect is a decrease in 

lipophilicity with increasing ionic strength. Variations with a 10-fold change in ionic 



 

 

220 

220 

strength were generally small for PCA, PCN, and PYO. For all the salts tested, PCN 

exhibited a normal salting out effect (Figure A19 A). While the differences in the 

lipophilicities are small enough that we hesitate to overinterpret them, PYO and PCA 

showed slightly different behavior when treated with different salts, only sometimes 

adhering to normal salting out expectations (Figure A19 B, C). Additionally, when 

treated with NaCl or KCl, the change in lipophilicity with increasing ionic strength 

was normal for the reduced species but reversed for the oxidized species. Particularly 

in the case of potassium phosphate, higher ionic strength actually made both oxidized 

and reduced PCA appreciably less lipophilic. This in spite of the fact that the 

phosphate salt overwhelmed the pH 7.2 MOPS buffer, resulting in an experimental 

pH of 8.5, which should have increased the proportion of deprotonated, charged 

PCA. Although not strong chelators, PCA and PYO are both known to bind to certain 

metals. Chelation of trace impurities in the salts may have contributed to the 

deviations we noted, but the effects were mostly small. Due to uncontrolled redox 

interactions and subsequent precipitation, we were unable to precisely characterize 

the effects of Cu2+, Fe2+, or Fe3+ in this study. 
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Figure A19. LogD measurements in various ionic strength conditions for PCN (A), 

PCA (B), and PYO (C). Ionic strength equilibrations were carried out at room 

temperature. In all cases, the aqueous fraction contained 20 mM MOPS at pH 7.2 

amended to achieve final concentrations of either 0.1 M or 1 M concentrations of the 

salts listed. The phosphate salt overwhelmed the MOPS buffer and reached pH 8.5. All 

other salts were circumneutral at experiment's end. Each condition was conducted in 

triplicate (all data is shown). A table of exact experimental values is available below. 

 

Tables of Experimental Values 

In each table below, a line represents an average of experimental triplicates. All 

experiments were carried out in 20mM MOPS. 

 

Colchicine method validation (pH 7.2) 

      

Compound 

Redox 

State pH logD7.2 (average of triplicates) 

Standard Error 

(SE) 1.96*SE 

Colchicine N/A 7.2 1.06 0.002 0.004 

Colchicine N/A 7.2 1.06 0.004 0.008 

 

Table A6. Method validation using Colchicine. Values conformed well to the 

literature28. 
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Phenazine and 1-OH phenazine (pH 7.2) 

      

Compound 

Redox 

State pH logD7.2 (average of triplicates) 

Standard Error 

(SE) 1.96*SE 

 

phenazine oxidized 7.2 2.66 0.015 0.030 

phenazine reduced 7.2 2.63 0.037 0.073 

      
1-OH 

phenazine oxidized 7.2 2.65 0.019 0.037 

1-OH 

phenazine reduced 7.2 2.45 0.003 0.005 

  
 
    

Table A7. Experimental values for phenazine and 1-OH phenazine. 
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Ionic Strength Experiments (pH 7.2) 

 

 
 

Phenazine Redox State Salt 

Salt 

Conc. 

(M) 

logD7.2  

(average of 

triplicates) 

Standard 

Error (SE) 1.96*SE 

PCA oxidized NaCl 0.1 -0.65 0.001 0.002 

PCA oxidized NaCl 1 -0.59 0.001 0.002 

PCA oxidized KCl 0.1 -0.64 0.002 0.003 

PCA oxidized KCl 1 -0.59 0.001 0.002 

PCA oxidized CaCl2 0.1 -0.68 0.002 0.004 

PCA oxidized CaCl2 1 -0.80 0.004 0.008 

PCA reduced NaCl 0.1 1.01 0.001 0.001 

PCA reduced NaCl 1 0.96 0.006 0.011 

PCA reduced KCl 0.1 1.01 0.003 0.007 

PCA reduced KCl 1 0.95 0.003 0.006 

PCA reduced CaCl2 0.1 0.97 0.002 0.004 

PCA reduced CaCl2 1 0.80 0.001 0.001 

PCA oxidized MgCl2 0.1 -0.72 0.001 0.003 

PCA oxidized MgCl2 1 -0.82 0.002 0.004 

PCA oxidized NH4Cl 0.1 -0.60 0.003 0.005 

PCA oxidized NH4Cl 1 -0.33 0.001 0.003 

PCA oxidized K2HPO4 0.1 -1.02 0.002 0.005 

PCA oxidized K2HPO4 1 -1.22 0.002 0.004 
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PCA reduced MgCl2 0.1 0.92 0.007 0.015 

PCA reduced MgCl2 1 0.76 0.005 0.010 

PCA reduced NH4Cl 0.1 0.97 0.002 0.005 

PCA reduced NH4Cl 1 1.13 0.002 0.005 

PCA reduced K2HPO4 0.1 0.66 0.007 0.014 

PCA reduced K2HPO4 1 0.22 0.002 0.004 

PCA oxidized Na2SO4 0.1 -0.65 0.002 0.003 

PCA oxidized Na2SO4 1 -0.54 0.005 0.010 

 

 

PCA oxidized 

artificial 

seawater 

1/3 

strength -0.64 0.003 0.005 

 

 

PCA oxidized 

artificial 

seawater normal -0.66 0.001 0.001 

PCA oxidized MOPS only N/A -0.67 0.018 0.035 

PCA reduced Na2SO4 0.1 0.99 0.008 0.016 

PCA reduced Na2SO4 1 0.97 0.004 0.008 

 

 

PCA reduced 

artificial 

seawater 

1/3 

strength 0.98 0.007 0.013 

 

 

PCA reduced 

artificial 

seawater normal 0.93 0.005 0.009 

PCA reduced MOPS only N/A 0.98 0.004 0.008 

 
       

PYO oxidized NaCl 0.1 0.02 0.001 0.003 

PYO oxidized NaCl 1 0.09 0.004 0.007 

PYO oxidized KCl 0.1 0.05 0.002 0.004 
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PYO oxidized KCl 1 0.12 0.005 0.009 

PYO oxidized CaCl2 0.1 0.02 0.007 0.014 

PYO oxidized CaCl2 1 -0.09 0.003 0.006 

PYO reduced NaCl 0.1 1.23 0.009 0.018 

PYO reduced NaCl 1 1.16 0.002 0.005 

PYO reduced KCl 0.1 1.09 0.011 0.021 

PYO reduced KCl 1 1.11 0.008 0.015 

PYO reduced CaCl2 0.1 1.00 0.011 0.021 

PYO reduced CaCl2 1 0.93 0.006 0.013 

PYO oxidized MgCl2 0.1 0.03 0.003 0.005 

PYO oxidized MgCl2 1 -0.06 0.003 0.006 

PYO oxidized NH4Cl 0.1 0.04 0.004 0.008 

PYO oxidized NH4Cl 1 -0.02 0.004 0.007 

PYO oxidized K2HPO4 0.1 0.05 0.007 0.013 

PYO oxidized K2HPO4 1 0.16 0.004 0.008 

PYO reduced MgCl2 0.1 1.17 0.015 0.030 

PYO reduced MgCl2 1 1.06 0.011 0.022 

PYO reduced NH4Cl 0.1 1.08 0.010 0.020 

PYO reduced NH4Cl 1 1.01 0.016 0.031 

PYO reduced K2HPO4 0.1 0.98 0.013 0.026 

PYO reduced K2HPO4 1 1.04 0.012 0.023 

PYO oxidized Na2SO4 0.1 0.05 0.008 0.015 

PYO oxidized Na2SO4 1 0.21 0.003 0.006 

 

 

PYO oxidized 

artificial 

seawater 

1/3 

strength 0.02 0.006 0.011 

 

 oxidized 

artificial 

seawater normal 0.04 0.008 0.016 
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PYO 

 

 

PYO oxidized MOPS only N/A 0.04 0.003 0.006 

PYO reduced Na2SO4 0.1 1.32 0.028 0.056 

PYO reduced Na2SO4 1 1.51 0.007 0.013 

 

 

PYO reduced 

artificial 

seawater 

1/3 

strength 1.21 0.018 0.034 

 

 

PYO reduced 

artificial 

seawater normal 1.30 0.007 0.014 

PYO reduced MOPS only N/A 1.04 0.019 0.038 

       
PCN oxidized NaCl 0.1 1.94 0.005 0.009 

PCN oxidized NaCl 1 2.04 0.003 0.005 

PCN oxidized KCl 0.1 1.94 0.003 0.005 

PCN oxidized KCl 1 2.05 0.002 0.004 

PCN oxidized CaCl2 0.1 1.93 0.001 0.001 

PCN oxidized CaCl2 1 1.96 0.001 0.002 

PCN reduced NaCl 0.1 2.44 0.008 0.015 

PCN reduced NaCl 1 2.57 0.011 0.022 

PCN reduced KCl 0.1 2.45 0.000 0.001 

PCN reduced KCl 1 2.57 0.004 0.007 

PCN reduced CaCl2 0.1 2.42 0.004 0.007 

PCN reduced CaCl2 1 2.46 0.005 0.010 

PCN oxidized MgCl2 0.1 1.93 0.002 0.003 

PCN oxidized MgCl2 1 1.96 0.002 0.003 
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PCN oxidized NH4Cl 0.1 1.94 0.003 0.007 

PCN oxidized NH4Cl 1 2.03 0.006 0.011 

PCN oxidized K2HPO4 0.1 1.92 0.001 0.002 

PCN oxidized K2HPO4 1 2.03 0.009 0.017 

PCN reduced MgCl2 0.1 2.44 0.005 0.010 

PCN reduced MgCl2 1 2.49 0.006 0.011 

PCN reduced NH4Cl 0.1 2.44 0.007 0.014 

PCN reduced NH4Cl 1 2.53 0.003 0.006 

PCN reduced K2HPO4 0.1 2.40 0.003 0.006 

PCN reduced K2HPO4 1 2.42 0.006 0.011 

PCN oxidized Na2SO4 0.1 1.99 0.010 0.019 

PCN oxidized Na2SO4 1 2.18 0.023 0.044 

 

 

PCN oxidized 

artificial 

seawater 

1/3 

strength 2.00 0.012 0.024 

 

 

PCN oxidized 

artificial 

seawater normal 2.08 0.011 0.022 

PCN oxidized MOPS only N/A 1.97 0.004 0.007 

PCN reduced Na2SO4 0.1 2.45 0.021 0.041 

PCN reduced Na2SO4 1 2.68 0.022 0.043 

 

 

PCN reduced 

artificial 

seawater 

1/3 

strength 2.48 0.019 0.038 

 

 

PCN reduced 

artificial 

seawater normal 2.55 0.008 0.015 

PCN reduced MOPS only N/A 2.53 0.005 0.011 
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Table A8. Ionic strength experiments were conducted by adding small amounts of concentrated salt 

solutions to 20mM MOPS buffered phenazine stock solutions. Phosphate solutions overwhelmed the 

buffer and became more basic (pH 8.5), but this was not expected to interfere with the ionization 

state of the phenazines used in this portion of the study. 

 

 

pH Experiments 

 

 
 

Phenazine Redox State pH 

logDpH 

(average of triplicates) 

Standard Error 

(SE) 1.96*SE 

PYO oxidized 3.0 -2.21 0.013 0.026 

PYO oxidized 6.0 -0.12 0.003 0.005 

PYO oxidized 9.0 0.03 0.004 0.009 

PYO reduced 3.0 0.42 0.020 0.039 

PYO reduced 6.0 1.13 0.100 0.196 

PYO reduced 9.0 1.02 0.053 0.104 

      
PCA oxidized 3 2.12 0.006 0.011 

PCA oxidized 3 2.12 0.004 0.009 

PCA oxidized 9 -2.01 0.014 0.028 

PCA oxidized 4 2.11 0.039 0.076 

PCA oxidized 6 -0.09 0.001 0.002 

PCA reduced 3 3.42 0.046 0.091 
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PCA reduced 5.5 1.54 0.017 0.033 

PCA reduced 9.5 -1.08 0.007 0.014 

PCA reduced 4.5 3.35 0.049 0.097 

      
PCN oxidized 3 2.13 0.010 0.020 

PCN oxidized 9.5 1.94 0.008 0.016 

PCN reduced 2.5 2.26 0.016 0.031 

PCN reduced 9 2.10 0.001 0.002 

 

      

Table A9. For pH experiments, 20mM MOPS starting solutions were overwhelmed 

with small amounts of concentrated HCl or NaOH. Values from the Ionic Strength 

MOPS only condition (Table A8) were used to assess LogD at pH 7.2. 

 

Intracellular pyocyanin concentration estimation 

 

Goal:  

This calculation is designed to estimate a lower bound for intracellular PYOreduced 

concentrations in a reduced subsample by comparing measured concentrations of 

extracellular PYO in oxidized and reduced subsamples of the same starter culture.  

 

Calculation: 
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1. The intracellular concentration of PYO in the reduced subsample is 

defined as the intracellular amount of PYO in moles divided by the 

intracellular volume: 

 

[𝑃𝑌𝑂]+*01&*0, $,'+)&*4414)+ =
𝑛𝑃𝑌𝑂+*01&*0, $,'+)&*4414)+
𝑉+*01&*0, $,'+)&*4414)+

 

2. The intracellular volume is the product of the cellular volume (L/cell), the 

culture density (cells/L) and the subsample volume (L): 

𝑉+*01&*0, $,'+)&*4414)+   = 𝑉&*44   ∗ 𝜌&14'1+*   ∗  𝑉5165)784* 

3. To calculate the intracellular moles of PYO in the reduced subsample, we 

begin with an assumption. Because both subsamples are taken from the 

same starter culture and are not allowed sufficient time to produce 

significant additional PYO (45 min for sample preparation), we assume 

that oxidized and reduced subsamples contain the same total moles of 

PYO: 

𝑛𝑃𝑌𝑂+*01&*0 = 𝑛𝑃𝑌𝑂%!$0$9*0  

4. Our HPLC measurements show that, for a given starter culture, oxidized 

subsamples contain significantly more extracellular PYO than reduced 

subsamples. For simplicity, we will assume that oxidized subsamples 

contain only extracellular PYO: 

𝑛𝑃𝑌𝑂%!$0$9*0 = 𝑛𝑃𝑌𝑂%!$0$9*0, *!'+)&*4414)+. 
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5. And we will assume that reduced subsamples contain both extracellular 

and intracellular PYO: 

𝑛𝑃𝑌𝑂+*01&*0 = 𝑛𝑃𝑌𝑂+*01&*0, *!'+)&*4414)+ + 𝑛𝑃𝑌𝑂+*01&*0, $,'+)&*4414)+ . 

 

This simplifying assumption will ultimately result in an underestimation of 

intracellular PYO if, as is likely, oxidized subsamples also contain some intracellular 

PYO. 

Because no PYO degradation mechanism is currently known in P. aeruginosa PA14, 

we then assume that the PYO deficit consistently observed in the reduced condition 

compared to the oxidized condition is due solely to uptake (whether due to passive 

partitioning and/or active processes). In other words, the difference between 

measured extracellular amounts in the two subsamples is exactly the amount of 

intracellular PYO in the reduced condition: 

 

6. 𝑛𝑃𝑌𝑂%!$0$9*0, *!'+)&*4414)+ − 𝑛𝑃𝑌𝑂+*01&*0, *!'+)&*4414)+ =

 𝑛𝑃𝑌𝑂+*01&*0, $,'+)&*4414)+ 

 

Molar amounts of extracellular PYO in an oxidized or reduced subsample can be 

calculated directly from the concentrations measured by HPLC and the volumes of 

the subsamples: 
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7. [𝑃𝑌𝑂]5165)784*, *!'+)&*4414)+ ∗ 𝑉5165)784* = 𝑛𝑃𝑌𝑂5165)784*, *!'+)&*4414)+ 

 

Substituting Equation 7 into Equation 6 gives the total moles of intracellular PYO: 

8.  

𝑛𝑃𝑌𝑂+*01&*0, $,'+)&*4414)+

=  [𝑃𝑌𝑂]%!$0$9*0, *!'+)&*4414)+ ∗ 𝑉%!$0$9*0

− [𝑃𝑌𝑂]+*01&*0, *!'+)&*4414)+ ∗ 𝑉+*01&*0 

 

The intracellular PYO concentration in the reduced subsample is then given by 

substituting Equation 8 and Equation 2 into Equation 1 as numerator and 

denominator, respectively: 

9. 

[𝑃𝑌𝑂]+*01&*0, $,'+)&*4414)+

=
[𝑃𝑌𝑂]%!$0$9*0, *!'+)&*4414)+ ∗ 𝑉%!$0$9*0 − [𝑃𝑌𝑂]+*01&*0, *!'+)&*4414)+ ∗ 𝑉+*01&*0

𝑉&*44 ∗ 𝜌&14'1+* ∗ 𝑉+*01&*0
 

 

Quantities used for calculation: 

• A dense culture of WT PA14 cells (measured OD500 = 7.5) typically 

contains about 7x109 cells per mL, or 7x1012 cells per L 30. 

• The volume of each cell is approximately one cubic micron, or one 1fL 

(10-15L) 31. 
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• The average extracellular concentration in oxidized subsamples was 

60µM. 

• The average extracellular concentration in reduced subsamples was 35µM. 

• The volumes of oxidized and reduced subsamples were 1mL 

 

Substituting, we find the moles of intracellular PYO in the reduced sample (Equation 

8) is 

𝑛𝑃𝑌𝑂$,'+)&*4414)+,+*01&*0

= (60 × 10-:𝑀)  ∗ (1 × 10-;𝐿) − (35 × 10-:𝑀) ∗ (1 × 10-;𝐿)  

𝑛𝑃𝑌𝑂$,'+)&*4414)+, +*01&*0 =  25 × 10-<𝑚𝑜𝑙𝑒𝑠. 

 

The intracellular volume in the reduced fraction (Equation 2) is 

𝑉$,'+)&*4414)+, +*01&*0 = 𝑉&*44 ∗ 𝜌&14'1+* ∗ 𝑉+*01&*0 = T1 × 10-"=  >
&*44
U ∗ T7 ×

10"?  &*445
>
U ∗ (1 × 10-; 𝐿) 𝑉$,'+)&*4414)+, +*01&*0 =  7 × 10-: 𝐿. 

 

The intracellular concentration is then 

[𝑃𝑌𝑂]$,'+)&*4414)+, +*01&*0 =
,@AB!"#$%&'(()(%$, $',)&',
C!"#$%&'(()(%$, $',)&',

  =   ?=×"#
-.7%4*5

E×"#-/>
= 3.6𝑚𝑀. 

 

Membrane fraction PYO retention experiment calculation 

 



 

 

235 

235 

Goal: These calculations are designed to determine the concentration of PYO on a 

per gram basis in the media and in the recovered membrane fraction of a dense P. 

aeruginosa culture. 

 

Calculations: 

The concentration of extracellular PYO found in the media is given by the measured 

concentration of the diluted media multiplied by the dilution factor (2): 

16.8	µ𝑀 ∗ 2 = 33.6	µ𝑀 

If we assume the media has a density of 1g/mL, the concentration on a per gram basis 

is  

33.6
µ𝑚𝑜𝑙
𝐿 	∗ 	

1	𝐿
1000	𝑚𝐿 	∗ 	

1	𝑚𝐿
1	𝑔 = 0.0336

µ𝑚𝑜𝑙
𝑔	𝑚𝑒𝑑𝑖𝑎 

For the membrane fraction extract, which, after pooling and evaporation, consisted 

of 4.7mL MeOH, the measured concentration (diluted 1:10) was 125.9µM, making 

the true concentration in the extract 

125.9	µ𝑀 ∗ 10 = 1259.0	µ𝑀 

 

To find the number of moles per gram wet membrane, we can find the total moles in 

the 4.7mL extract and divide by the mass of the wet membrane fraction (separated 

by ultracentrifugation as described above): 

1259
µ𝑚𝑜𝑙
𝐿 ∗

1	𝐿
1000	𝑚𝐿 	∗ 	4.7	𝑚𝐿 ∗	

1
2.75	𝑔	𝑤𝑒𝑡	𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 	

= 2.15	
µ𝑚𝑜𝑙

𝑔	𝑤𝑒𝑡	𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 
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When calculated for the whole cell pellet (mass 7.92g), we find 

1259
µ𝑚𝑜𝑙
𝐿 ∗

1	𝐿
1000	𝑚𝐿 	∗ 	4.7	𝑚𝐿 ∗	

1
27.92	𝑔	𝑤𝑒𝑡	𝑝𝑒𝑙𝑙𝑒𝑡 	= 0.75	

µ𝑚𝑜𝑙
𝑔	𝑤𝑒𝑡	𝑝𝑒𝑙𝑙𝑒𝑡 
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