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Abstract

A Thermodynamic Analysis of Microbial Surface Chemistry
and Metabolic Strategies

Addien C. Wray

Chair of the Supervisory Committee:
Drew Gorman-Lewis, Ph.D.

Department of Earth and Space Sciences

A thorough understanding of microbial life on Earth and effective methods of searching for

life beyond Earth require the description of possible interactions between those organisms

and their geochemical environments. Such assessments need to include both a quantitative

description of the chemical reactions involved and the capability to predict the favorability

of their occurrence. These can both be addressed by measuring the thermodynamic prop-

erties of microbial activities. We can think of those activities in two regimes, passive and

active, where the former involves surficial reactivity and the latter concerns growth-related

processes. Research to date has quantified some thermodynamic properties, such as sta-

bility constants of passive processes and standard-state Gibbs energies of active processes,

for a diverse suite of microbial taxa. Little work, however, has sought to thoroughly assess

passive and active microbial bioenergetics by quantifying all three thermodynamic terms:

∆H, ∆G, and ∆S. This dissertation applies this more detailed approach to (1) the surface

reactivity of a common groundwater bacterium, (2) U(VI) adsorption onto that microbe, (3)

aerobic and anaerobic bacterial growth, and (4) methanogenic archaeal growth. In doing

so, I demonstrate that the bacterium Shewanella putrefaciens strain CN32 has three ener-

getically distinguishable functional groups (carboxyl, polyphosphate, and amine), where

the amine group undergoes a measurable conformational change with alterations to ionic



strength. Moreover, I identify the reactions between those functional groups and U(VI)

under a variety of geochemical conditions, along with the stability constants of those re-

actions. I also demonstrate that aerobic and anaerobic growth by CN32 yield measurably

different thermodynamic trends as a function of temperature, where growth efficiency is

affected primarily by the production of extra-cellular exudates and physiological stress.

Lastly, I present the first bioenergetic description of hyperthermophilic methanogenesis,

by Methanocaldococcus sp. FS406-22, and demonstrate the effects temperature has on that

growth efficiency, where growth proceeds best in the middle of the possible range of tem-

peratures. In sum, the data presented in this dissertation help to expand our understand-

ing of a range of microbial-geochemical interactions under varied conditions and will help

us to better assess the impacts microbial life may have on systems on Earth as well as

inform our search for it elsewhere.
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Chapter 1

INTRODUCTION

1.1 Organization of the Dissertation

Chapter 1 provides a brief introduction to the dissertation, outlining the primary motiva-

tions for the work and summarizing the contents of the subsequent chapters. Chapters 2-5

are structured as independent papers, Chapter 6 outlines the astrobiological contributions

of the work, and Chapter 7 summarizes the main conclusions from the dissertation. Chap-

ter 2, Thermodynamic and spectroscopic investigations of Shewanella putrefaciens CN32

cell envelope, was published in Chemical Geology in June 2022. Chapter 3 describes Surface

complexation of U(VI) onto Shewanella putrefaciens CN32. Chapter 4 covers the Bioener-

getics of aerobic and anaerobic growth of Shewanella putrefaciens CN32, and Chapter 5

discusses Bioenergetic effects of H2 limitation and temperature on Methanocaldococcus

sp. FS406-22.

1.2 Motivation

The overall goal of this dissertation is to improve our understanding of passive and ac-

tive microbial processes through a thermodynamic description of the reactions involved.

Thermodynamic constraints on life are central to accurate assessments of not only the pres-

ence of habitable environments on exoplanets, but the magnitude of that habitability (i.e.,

what types of life can be supported and at what scale). This dissertation is divided into

four chapters, addressing first microbial surface reactivity and complexation and, second,

microbial metabolic strategies.

The surface properties of microbes, in addition to their importance for understand-

ing their impacts on local geochemistry, are also essential to understanding how life has
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adapted to fill those niches in the first place. Specifically, for a microbe to complete its

metabolism (i.e., perform both catabolism and anabolism), it must uptake nutrients. This

is largely done by cross-membrane transport from the environment into the cell. Nutrient

acquisition, mediated by surface interactions, gives an adaptive advantage to microbial life

but has yet to be explored in detail in terms of the thermodynamic properties of the surface

structure. This work will help to fill this gap and will directly address a key element of the

NASA Astrobiology Roadmap, wherein “properties of energy transduction, transport of

nutrients, growth, and division” warrant investigation. In all, the evolution and diversifi-

cation of microbial surficial properties was a necessary step in the success of life on Earth,

plays a key role in our understanding of life’s origin, and encompasses Chapters 1 and 2

of the dissertation.

By also applying this thermodynamic approach to microbial metabolisms, we can bet-

ter understand the variables that contribute to habitability on Earth, while also informing

our search for life elsewhere. Vital to that effort is a quantitative understanding of the en-

ergetic requirements for terrestrial life. This means we need to describe the bioenergetics

of microbial metabolisms across a range of metabolic strategies; that approach is applied

in Chapters 3 and 4. Specifically, in Chapter 3 I discuss the bioenergetics of metabolic O2

and Fe(III) reduction to understand the relative energetic requirements of aerobic- versus

metal-based metabolisms, which may be important in nutrient-limited extraterrestrial en-

vironments. Additionally, these data help to place constraints on life earlier in Earth’s past,

prior to the oxygenation of the atmosphere, where anaerobic metabolisms like Fe(III) re-

duction were dominant. In Chapter 4, I quantify a process similar to what was likely one

of the earliest metabolic strategies: methanogenesis. Specifically, that work focuses on a

hyperthermophilic archeaen found at hydrothermal vents (which are themselves locales of

particular interest regarding the origin of life). This combination of habitat and metabolism

is strong motivation for measuring the energetic limits of growth for that archeaen and will

deepen our understanding of this underexplored area of research. Chapters 3 and 4 com-
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bined address the question of how much energy is required for microbial metabolisms to

proceed, which is a requirement for understanding the potential habitability of exoplanets.

What follows is a more detailed chapter-by-chapter summary.

1.3 Chapter Descriptions

Chapter 2: Thermodynamic and spectroscopic investigations of S. putrefaciens CN32 cell envelope

In Chapter 2, I present quantification of the surface reactivity of Shewanella putrefaciens

CN32, a common gram-negative bacterium found in groundwater systems. The metabolic

plasticity exhibited by CN32 allows it to survive in a variety of habitats, both aerobic and

anaerobic, and thus makes measurements of its surface reactivity applicable to a range

of geochemical conditions. I identified three discrete binding sites on CN32 as carboxyl,

phosphoryl, and amine groups. In addition, for each site I measured their stability con-

stant, concentration, and protonation enthalpy and entropy. Lastly, I demonstrated how

ionic strength impacts these surface properties and described a conformational change of

the amine group with increased ionic strength. This demonstrates that important alter-

ations to microbial surface protonation properties can be caused by ionic strength changes

-– a causal relationship that has to date been unresolved in the literature. These data allow

for the prediction of how the surface of CN32 may react with geochemical components in

its environment. These descriptions are essential to accurately understand the adaptations

of microbial surfaces in relation to nutrient acquisition, which ultimately begins on the out-

ermost portion of the cell envelope. Moreover, these data allow us to define how changes

in salt concentrations affect those surface adaptations, which is important to better pre-

dict how microorganisms may impact, and be impacted by, systems where salinity either

changes over time or is physically stratified, such as in brine fluids and ocean moons.
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Chapter 3: Surface Complexation of U(VI) onto S. putrefaciens CN32

The third chapter builds directly from the results of Chapter 2, wherein I describe the ad-

sorption of a heavy metal, U(VI), onto CN32. Towards that end, I measured how three

geochemical variables impact adsorption: ionic strength, pH, and the co-presence of other

cations. This culminated in the identification of specific U(VI)–CN32 reactions and as-

sociated stability constants. This work demonstrated interesting parallel trends in ionic

strength at high pH, where the maximum and minimum ionic strengths tested resulted in

greater adsorption than an intermediate concentration, but for likely opposing reasons (an

expanded double layer versus increased cationic bridging, respectively). I also identified

countervailing impacts of two divalent cations (Mg2+ and Ca2+), where increased bridging

effects (Mg2+) increased adsorption and contrasted with alterations to surface chemistry

(Ca2+), which reduced adsorption. Ultimately, this work helps to quantify a useful micro-

bial adaptation that results in the removal of a toxic compound from solution. This may

impart improved growth conditions for the subject microbe and co-present organisms. As

new systems are examined beyond Earth, this work will help to refine our descriptions of

localized habitability to include, potentially, habitats with what would otherwise be con-

sidered inhospitable due to heavy metal presence.

Chapter 4: Bioenergetics of metabolic O2 and Fe(III) reduction by S. putrefaciens CN32

In this chapter, I examined the bioenergetics of O2 and Fe(III) reduction coupled to lactate

oxidation in CN32 during growth. I made measurements over a range of temperatures

(25-36◦C) to infer how CN32 allocates its energy in terms of maintenance and growth.

For aerobic growth, growth efficiency (energy normalized to biomass produced) increased

with temperature to 30◦C, beyond which it decreased slightly. Fe(III) growth efficiency was

insensitive to temperature below 30◦C and decreased dramatically above it. By compar-

ing ∆H and ∆G measurements, I established that maintenance (i.e., non-growth) reactions

are exothermic and decrease in activity with growth efficiency for both metabolic strate-
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gies. Uniformly, however, more non-growth energy was expended for aerobic growth than

Fe(III) growth, which suggests growth under anaerobic conditions comes at a substantial

energetic cost. The examination of how energy is dissipated requires measurement of both

∆G and ∆H, and this work demonstrates that accurate assessments of habitability require

quantification of bioenergetics in terms of both parameters. That approach allows us to

quantify how adaptation to complex geochemical systems, such as those with fluctuations

in available electron acceptors, affects the efficiency by which microbes can grow. This

work, specifically, provides thermodynamic context for the requirements of aerobic and

anaerobic growth, which is useful in defining habitability from a geochemical perspective

and can aid in more accurately assessing energetic availability in heterogeneous habitats,

on Earth and elsewhere.

Chapter 5: Bioenergetic effects of H2 limitation and temperature on Methanocaldococcus FS406-22

In Chapter 5, I expand the application of bioenergetics from mesophilic growth to hyper-

thermophilic growth with the archeaen Methanocaldococcus sp. FS406-22. FS406 exhibits

metabolism that is both fundamental to the origin of life (methanogenesis) and its sub-

sequent diversification (N-fixation). Here I focus on constraining the growth parameters

of non-N-fixing methanogenic growth, such that future work can decouple the effects of

methanogenesis from N-fixation. In this work, I quantified the bioenergetics of growth

at three temperatures (65, 76, and 85◦C). At each temperature, a range of biomass yields

was produced by varying substrate (H2) concentration. This allowed me to investigated

the stress response by FS406 and to elucidate the relationship between the magnitude of

growth and the associated thermodynamics. The results showed that growth efficiency

was maximized when substrate concentration (and, thus, biomass yield) was highest and

the growth temperature was in the middle of the range examined (76◦). Correspondingly,

as efficiency decreased, so did biomass yield. Importantly, as with CN32, the dissipation

of Gibbs energy into enthalpy and entropy showed that non-growth reactions were both
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exothermic and increased with decreased efficiency. Overall, this chapter helps to define

the bioenergetic requirements of growth similar to some of the earliest life, which allows

for constraints to be made regarding the thermodynamic requirements of those organ-

isms. In addition, this work provides crucial data to contextualize potential life in unex-

amined hydrothermal systems on Earth, in its early history when hydrothermal activity

was greater, and in hydrothermal systems beyond it, such as on the icy moons Enceladus

and Titan.
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Chapter 2

THERMODYNAMIC AND SPECTROSCOPIC INVESTIGATIONS OF
SHEWANELLA PUTREFACIENS CN32 CELL ENVELOPE

This manuscript was published in Chemical Geology:

https://doi.org/10.1016/j.chemgeo.2022.120853

Co-authored by Addien C. Wray and Drew Gorman-Lewis

Abstract

A quantitative understanding of prokaryotic cell envelope reactivity is necessary to accu-

rately describe the surface complexation reactions known to impact metal transport in the

subsurface. The gram-negative bacterium Shewanella putrefaciens CN32 (CN32) has been

the focus of previous cell envelope studies in large part due to its ability to directly influ-

ence iron and uranium geochemistry; however, important gaps remain in our understand-

ing of reactions occurring on its cell envelope. Combining surface complexation modeling

of potentiometric titration data with isothermal titration calorimetry provides an addi-

tional method to evaluate how well surface complexation models (SCMs) represent cell

envelope reactivity. It also gives us the ability to determine site-specific enthalpies and

entropies of protonation, which can aid both in site structure identification and descrip-

tion of conformational changes to those sites, further improving our understanding of the

CN32 cell envelope. We gathered potentiometric and isothermal calorimetric titration data

of CN32 over a range of ionic strength (0.02 – 0.53 M) while monitoring cell viability and

performing Fourier transform infrared spectroscopy (FTIR) investigations. FTIR analy-

sis was performed over a range of pH (4 – 9.4) to confirm identification of proton-active

sites. Surface complexation modeling revealed that models involving 3 and 4 sites could

adequately describe the potentiometric titration data; however, a 3-site model best repre-
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sented the calorimetric data. We inferred the following site identities based on characteris-

tic enthalpies, entropies, and equilibrium constants of protonation: carboxyl (log(K): 4.79

– 4.95), phosphoryl (6.69 – 6.97), and amine groups (9.37 – 9.64). Spectral corroboration via

FTIR indicated the presence of chemical moieties consistent with these functional group

assignments. Ionic strength was shown to have a significant impact on the concentration

of all three sites at 95% confidence. Entropies and equilibrium constants of protonation for

carboxyl and phosphoryl sites did not significantly change with ionic strength. For the car-

boxyl group, enthalpies of protonation varied significantly between the lowest and highest

ionic strengths examined, though enthalpies at intermediate concentrations were not dis-

tinguishable. Enthalpies of protonation for the amine group were statistically different at

each ionic strength. Additionally, entropies and equilibrium constants of protonation for

the amine group were significantly affected by all ionic strengths tested. The entropy of

protonation for the amine site changed from −21.5± 6.1 to +109.0± 4.2 J/molK−1 as ionic

strength increased from 0.02 to 0.53 M, respectively. A change in the entropy of proto-

nation of this magnitude and sign is indicative of a substantial conformational change in

this functional group. Cell viability was significantly impacted over the course the titra-

tions; however, viability did not impact SCMs results. In sum, these data fill gaps in our

understanding of CN32 and provide new insights into the intricacies of its cell envelope.
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2.1 Introduction

The gram-negative bacterium Shewanella putrefaciens has been the focus of numerous geo-

chemical and geobiological studies in recent years, in large part due to its ability to directly

influence iron and uranium geochemistry (e.g., Lovley et al., 1991; Lovley & Phillips, 1992;

Haas et al., 2001; Liu et al., 2001a; Sokolov et al., 2001; Smith & Ferris, 2003; Furukawa &

Dale, 2013; Belli et al., 2015). S. putrefaciens is a facultative anaerobe, allowing it to survive

in both near-surface and sub-vadose zone environments (Lovley et al., 1991; DiChristina

& DeLong, 1993). This habitable plasticity provides opportunity for S. putrefaciens to in-

teract with Fe and U throughout the subsurface, both metabolically and through surface

complexation. Multiple strains of S. putrefaciens (e.g., 200, MR-1, CN32) are known to re-

duce U(VI) and Fe(III) while also adsorbing those compounds (respectively, see Belli et al.

(2015), Myers & Nealson (1990), and Lovley et al. (1991)). These processes have the po-

tential to affect the transport of Fe and U in aqueous systems by removing them from the

aqueous phase (either through a change in oxidation state or via complexation on surface

sites). The metabolic and surface properties of these strains have been investigated (e.g.,

Haas et al., 2001; Sokolov et al., 2001; Smith & Ferris, 2003; Furukawa & Dale, 2013; Belli

et al., 2015); however, the scope of these studies is limited by the narrow range of geochem-

ical conditions considered and the methods used to probe surface interactions between S.

putrefaciens, protons, and metals. While previous research has shed important light on the

surface reactivity of S. putrefaciens (e.g., Haas et al., 2001; Sokolov et al., 2001; Smith & Fer-

ris, 2003), lacking from the literature is a comprehensive study across ionic strength that

includes an understanding of temperature dependence and spectroscopic examination of

the surface. Each of these are important steps in assessing interpretations of potentiometric

titrations to understand surface reactivity.

The microbial surface, while sometimes compared with mineral surfaces, is a complex

structure with a more nuanced coordination environment responsible for complexation re-

actions (Fein, 2006). Given its three dimensional nature and the fact that conformational
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changes can occur in constituents within the “cell surface” (Rahnamoun et al., 2020), from

here forward we will be referring to the outermost portion as its cell envelope. The outer

membrane of gram-negative bacteria consists of an oligosaccharide, and a subset of those

also contain an O-specific oligosaccharide anchored by lipid A (Nazarenko et al., 2003;

Krasikova et al., 2004). Functional groups are found within lipid A, including anionic oxy-

gen within carboxylic acids, phosphates, and possibly phenols (Jiang et al., 2004; K. Auer &

B. Weibel, 2017). Proteins are embedded throughout the lipopolysaccharides (LPS) that are

also present in the outer membrane, but likely compose at least an order of magnitude less

mass than the total LPS (Beveridge & Murray, 1980; Jiang et al., 2004; Silhavy et al., 2010).

These proteins can also contain a variety of functional groups, including anionic oxygen,

thiol, and amine ligands with proton-ionizable side chains (Welte et al., 1995; Koebnik

et al., 2000; Nell & Fein, 2017). The observed surface chemistry is also strongly affected by

the growth medium used (Furukawa & Dale, 2013; Paulo et al., 2018). Thus, meaningful

comparisons of cell envelope structure and reactivity need to be done with microbes that

have been similarly cultured.

To date, a small body of research has analyzed the surface of CN32 from a geochemical

perspective, wherein surface complexation models (SCMs) focus on predicting ion binding

by using stability constants and balanced chemical equations. SCMs from Sokolov et al.

(2001) and Smith & Ferris (2003) are largely in agreement regarding the potential reactive

sites on CN32 when modelled with this approach. Missing from the literature, however,

is a surficial analysis of CN32 from a biological perspective, where the cell envelope is

the focus of the analysis, aimed at enhancing our understanding of how the cell envelope

may react to changes in geochemical conditions. This would also, in turn, better constrain

inferences of how that biology affects the pH of a system. The measurement of enthalpies

of protonation via isothermal titration calorimetry (ITC), is a powerful tool for analyzing

that coordination environment. Specifically, ITC data can be used to derive site-specific

enthalpies of protonation when combined with SCMs and allow for the calculation of en-
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tropies of protonation. Since ITC data can be more sensitive than potentiometric titration

data, this approach can illuminate intricacies of surface reactivity that are not detected in

modeling of potentiometric titration data alone (Gorman-Lewis, 2011; Harrold & Gorman-

Lewis, 2013; Gorman-Lewis et al., 2014). Importantly, the ability to test SCMs with an ad-

ditional dataset like ITC allows us to constrain those models to better reflect the reactivity

of the cell envelope.

Ionic strength has long been understood to impact mineral surface complexation reac-

tions (Robertson & Leckie, 1997; Peak et al., 1999; Goldberg & Johnston, 2001; Hao et al.,

2019). However, the complexity of bacterial cell envelopes impedes the use of electrostatic

models, which are typically designed for mineral surfaces, in describing microbial surface

reactivities. When applied, electrostatic models have been shown repeatedly to over-pre-

dict electrostatic effects (Borrok & Fein, 2005; Fein et al., 2005; Gorman-Lewis, 2009). The

application of non-electrostatic models to describe bacterial surface complexation has been

widely used, whereby apparent constants are derived at ionic strengths of interest (Bishop

et al., 2019; Borrok & Fein, 2005; Borrok et al., 2005b,a; Butzen & Fein, 2019; Fein et al., 2005;

Flynn et al., 2014; Gorman-Lewis et al., 2005b; Gorman-Lewis et al., 2019; Gorman-Lewis,

2014; Ginn & Fein, 2009; Liu et al., 2020; Phoenix et al., 2002). Using apparent constants

is a preferable approach for making comparisons across ionic strength as it eliminates the

uncertainty associated with applying electrostatic models to microbial surfaces.

For microbial surfaces, studies to date have largely focused on whether ionic strength

changes the reactivity of the cell surface (Plette et al., 1995; Daughney & Fein, 1998; Mar-

tinez et al., 2002; Borrok & Fein, 2005; Fein et al., 2005; Tourney & Ngwenya, 2010). Less

examined is the role ionic strength may play in directly altering the structure of the cellu-

lar envelope, and how those changes may be reflected in SCMs and ITC data. Enthalpies

(∆H) and particularly entropies (∆S) of protonation are sensitive to solution conditions

which impart structural changes on ligands (Edward J. King, 1965). While log(K) values

(or Gibbs energies of protonation, ∆G) may not be substantially impacted by changes in
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ionic strength, the structure of the envelope may still be altered. We can take advantage

of the sensitivity of ∆H and ∆S to make inferences about that alteration, potentially yield-

ing information about temperature dependence, coordination environment, and individ-

ual site structure (Gorman-Lewis, 2011; Harrold & Gorman-Lewis, 2013; Gorman-Lewis

et al., 2014).

Examinations of the identity of CN32 surface sites, to date, are similarly limited. Sokolov

et al. (2001) assigned functional group structures to each log(K) value they identified, but

determined those by correlation of log(K) values to sites on Bacillus subtilis identified spec-

troscopically by Cox et al. (1999). Some spectroscopic analysis has shown a high density of

carboxyl groups on CN32 (Adhikari et al., 2017), along with adsorption of Fe(II) onto car-

boxyl groups on CN32 (Liu et al., 2001a). Importantly, both of these studies were focused

on the structure of mineral precipitates on S. putrefaciens and did not include variations

in pH or ionic strength, were not compared to other techniques, such as Fourier trans-

form infrared spectroscopy (FTIR), and did not identify the number and structure of each

functional group. In all, a detailed description of the coordination environment of the

functional groups on CN32 is missing from the literature.

A more complete examination of the surface properties of CN32 is needed. Towards

that end, we examined CN32 with potentiometric titration, ITC, FTIR, and cellular via-

bility tests. This work supplements the gaps left in the literature and includes results on

the influences of ionic strength and temperature on protonation properties, spectroscopic

examination of the structure of functional groups, the enthalpic and entropic properties

of those groups, and measurements of cell viability and surficial integrity across multiple

titrations. These data ultimately improve our understanding of the CN32 surface.
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2.2 Materials and Methods

2.2.1 Cell preparation

CN32 was grown using procedures similar to previous work with that strain (Sokolov

et al., 2001; Smith & Ferris, 2003). 5 mL volumes of 30 g/L trypticase soy broth (TSB) were

inoculated from cultures of CN32 maintained on a TSB-yeast extract agar. Cultures were

grown on an orbital shaker at 120 rpm and 30◦C for 24 hours (±4 h). The 5 mL cultures

were then used to inoculate larger volumes of TSB, with an inoculation percent of 0.5 %.

Cells were harvested during late exponential phase, which was reached after 24 hours (±2

h) of growth.

The biomass was isolated by centrifugation at 5, 000 g for 15 minutes. The resulting

pellet was washed in a sodium perchlorate solution at either 0.01, 0.1, or 0.5 M by vortex-

ing, centrifuging at 6, 552 g for 2 – 4 minutes, and discarding the supernatant. Cells were

washed three times, then centrifuged at 6, 552 g for two consecutive 30 minute periods.

After each 30 min period, any remaining supernatant was removed. Cells were stored at

4◦C and used within 24 hours.

2.2.2 Potentiometric titrations

A sodium perchlorate solution (at a concentration of 0.01, 0.1, or 0.5 M) was sparged with

N2 for 1 hour. The sparged solution was placed in an anaerobic chamber and, while stir-

ring, allowed to equilibrate with the atmosphere (≈ 98:2, N2:H2) for 30 minutes. Washed

cells were suspended in the electrolyte solution, in the anaerobic chamber, by vortexing.

The final concentration of the suspended biomass was 40 g/L (wet weight). The volume of

sparged sodium perchlorate varied accordingly, ranging from approximately 75 – 125 mL.

While in the anaerobic chamber, the suspension was adjusted to approximately pH 10 with

CO2 free NaOH and then titrated to approximately pH 4 with 0.2516 M HClO4 at 0.025 or

0.05 mL increments and 2 minute intervals.
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To test the ability of CN32 to withstand multiple protonation/deprotonation reactions,

deemed here as ‘reversibility,’ we performed two potentiometric titrations on the same

suspension. Following each initial titration, suspensions were adjusted back to pH 10 with

CO2 free NaOH. The suspensions were then titrated to pH 4 following the same protocol.

The initial ionic strengths for these suspensions were 0.02 – 0.04 M (low), 0.11 – 0.13 M

(medium), and 0.51 – 0.53 M (high). The pH electrodes were calibrated to H+ concentration

by Gran analysis of titrations of sodium hydroxide in a solution of NaClO4 that was within

the experimental ranges (low, medium, and high). Gran analysis was performed with the

GLEE software program (Gans & O’Sullivan, 2000). To ensure reproducibility of the entire

growth, washing, suspension, and titration procedure, titrations were done with two cell

suspensions per ionic strength.

2.2.3 Titration calorimetry

We performed isothermal titration calorimetry (ITC) on a TAM III nanocalorimeter that

measures heat flux between a reaction and reference vessel as a function of time (Johans-

son & Wadsö, 1999; Goldberg & Wadsö, 2001). Calorimetric response was calibrated by

electrical heating and verified by measuring protonation of TRIS at 25◦C (Grenthe et al.,

1970). A computer-controlled Lund syringe pump delivered aliquots of acid to the reaction

vessel in the calorimeter and to an identical, external sample being monitored by an Orion

8103BN Ross semi-micro combination pH electrode calibrated as described above.

Cells were suspended in N2 sparged NaClO4 such that the final biomass concentra-

tion was 10 g/L (wet weight). As with the potentiometric titrations, the concentrations of

NaClO4 used were 0.01, 0.1, and 0.5 M and the suspension was adjusted to approximately

pH 10 in an anaerobic chamber using CO2 free NaOH. 2.5 mL aliquots of the suspension

were pipetted into Hastelloy vials for ITC analysis and an external reaction vessel for pH

monitoring.

Each suspension began at approximately pH 10 and was titrated to approximately pH
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4 by injecting 2 µL aliquots of 0.143 M HClO4 into both the ITC reaction vessel and the

external suspension. To allow the heat signal to reach the baseline between injections,

injections were spaced apart at 20 minute intervals. Titrations were performed on two cell

suspensions at each ionic strength.

We determined the heat produced from cell surface protonation reactions (Qcorr,v, Equa-

tion 2.1) with each addition of acid (v) by subtracting the background heats (i.e., heats of

dilution, Qbkg,v), from the ITC data (Qmeas,v). Background heats were determined as de-

scribed above in cell-free solutions.

Qcorr,v = Qmeas,v − Qbkg,v (2.1)

Heats of hydroxide neutralization (H+ + OH− → H2O) were calculated from the measured

pH change for each step of a titration using enthalpies of hydroxide neutralization for each

ionic strength (Table 1 in Supplemental Materials) and were included in Qbkg,v.

2.2.4 Fourier transform infrared spectroscopic analysis

The identities of surface moieties were probed spectroscopically via FTIR. Cells were grown

and washed as described above and then suspended in a solutions of 0.1 M NaClO4 at ca.

pH 4, 5, 6.5, 8, and 9.5. The suspensions were centrifuged at 6, 552 g for 1 hour and the

resulting pellets were then analyzed on a Perkin Elmer Frontier FTIR spectrometer with an

ATR attachment. An averaged spectrum was produced from 120 scans over the range of

4, 000 – 400 cm−1 with a resolution of 4 cm−1. The background electrolyte (0.1 M NaClO4)

was subtracted from the spectra using the same scan parameters as the bacterial pellets.

We applied an asymmetric least squares baseline correction to the spectra (Eilers, 2004)

and trimmed the data to include only the fingerprint region (1800 – 900 cm−1). The spectra

were normalized to the area under the amide II group (Kenney et al., 2018). The type of

surface moieties were then identified by comparing the wavenumbers of peaks to known
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vibrations in the literature.

For those peaks with multiple possible assignments, or with significant spectral over-

lap, we performed spectral deconvolution modeling with Gaussian curves. Individual

Gaussian functions were fit to the region containing target peak/peaks using Fityk (Wo-

jdyr, 2010). The number of peaks fit to the data was constrained by the number of known

vibrations for the potential chemical assignments in that spectral region.

2.2.5 Cell viability quantification

Cell viability was checked during cell isolation and the potentiometric experiments in the

high ionic strength system. All samples were centrifuged at 6, 552 g for 2 minutes, the su-

pernatant discarded, and the cells suspended in a filter-sterilized phosphate buffered so-

lution at pH 7. A 3:1 mixture of propidium iodide (20 mM, PI hereafter) and SYBR Green

I (10, 000 × stock, Invitrogen) was prepared and diluted by a factor 1:5 in filter-sterilized

DI water. The PI/SYBR Green mixture was then added to the suspended cells at a ratio of

1:10 (dye:cell suspension) to dye the cells (modified from the method used by Feng et al.

(2014)). Total and non-viable cell counts of 10 photomicrographs were performed using

the software CellC (Selinummi et al., 2005). A 5% error was estimated for viability quan-

tification of each photomicrograph based on the propagation of counting error through

calculations of average viability of triplicate slides. The surface integrity of the cells was

then investigated visually with fluorescence microscopy to determine whether non-viable

cells were intact or not. Intact cells were defined as those cells that maintained their shape

with no visible ruptures when viewed at 1000× via fluorescence microscopy.

2.2.6 Potentiometric modeling

We used a non-electrostatic surface complexation model (NE-SCM) to describe the cell

surface protonation. A generic surface protonation reaction can be describe by a balanced

chemical equation as illustrated in Equation 2.2, where R− L−
i is ligand i on the cell surface.
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The total concentration of deprotonated sites on the surface is constrained by Equation 2.3,

R − L−
i + H+ → R − Li H (2.2)

∑[R − L−
i ] =

i

∑
1

[R − Li]tot

1 + γH+ × [H+]× Ki
(2.3)

where γH+ is the activity coefficient of protons in solution calculated using the Davies

equation, and Ki is the stability constant defining the protonation of ligand i. The moles of

protons adsorbed onto the cell surface normalized to biomass (ms) is defined by Equation

2.4, where Ca and Cb are the total concentration of acid and base, respectively, added to

the titrand, and [H+] and [OH−] are titrand concentrations calculated from the pH. This

description of protons adsorbed onto the cell surface is defined relative to a zero state that

is the pH of immersion or initial surface protonation state for each titration. The initial

surface protonation state (T◦
H) is defined by Equation 2.5, where TH represents the mass

balance for total proton concentration in the system (see Westall et al. (1995) and Fein et al.

(2005) for further discussion).

H+
consumed = (Ca − Cb − [H+] + [OH−])/ms (2.4)

TH = TH0 + (Ca − Cb) (2.5)

Site concentrations and stability constants were derived with best fit models over the pH

range 10 to 4. Best fit models were produced by non-linear least squares fitting of cell-

proton adsorption (Ca and Cb) with the Newton-Raphson method. For each experiment,
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we began with a single ligand model and added reactions as necessary so that the model

would best represent the data, as determined with F-tests. The F-test determines statistical

improvement of a more complex model compared to a simpler one by using the degrees of

freedom and the sum of squares of those models. Parameters from all models at each ionic

strength were averaged to produce a global model at each ionic strength.

2.2.7 Calorimetric modeling

Enthalpies of protonation (∆HHLi ) are related to total heat produced, Qcorr,v, by the change

in the number of moles of protonated sites (∆nv
HLi

) with each step of the titration as de-

scribed by equation 2.6.

∑ Qcorr,v = ∑ ∆HHLi × ∑ ∆nv
HLi

(2.6)

∆nv
HLi

values are calculated using the SCMs, simultaneous pH measurements, and vol-

umes of acid added. These ∆nv
HLi

values are used as independent variables in equation

2.6. We derive enthalpies of protonation by minimizing the difference between corrected

heats and calculated heats with non-linear optimization. 1σ errors were calculated from

the covariance matrix.



19

2.3 Results

2.3.1 Titration data

Potentiometric data

Figure 2.1 illustrates the buffering intensity (described by Equation 2.7) of CN32 poten-

tiometric titrations. Non-zero buffering intensity is observed across the pH range investi-

gated. At all ionic strengths, a buffering minimum is revealed around pH 8 and a buffering

maximum is evident between pH 9 and 10. The medium ionic strength buffering intensity

around circumneutral pH and high pH is substantially greater than the buffering intensity

for low and high ionic strength. Around pH 5, buffering intensity increases for all ionic

strengths compared to circumneutral pH. Reversibility titrations (closed symbols) exhibit

similar buffering intensity to initial titrations. Difficulties in calculating slopes at the edges

of the datasets caused increased scattering in the buffering intensities at the pH extremes.

d(∑[R − L−
i ])

d(pH)
(2.7)
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Figure 2.1: Buffering intensity of potentiometric titrations at low (open and closed squares),
medium (open and closed circles), and high ionic strengths (open and closed triangles).
Predicted buffering intensity shown for average titration conditions using the surface com-
plexation models described in Table 2.1 for low (dotted curve), medium (dashed curve) and
high (solid curve) ionic strength.
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Figure 2.2: ITC results at each ionic strength with the curves corresponding to the 3-site
model fit described in Table 2.1. Squares and diamonds are separate ITC experiments. A
is low ionic strength, B is medium ionic strength, and C is high ionic strength.
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Titration calorimetry data

Figure 2.2 (A – C) illustrates the corrected cumulative heats of protonation as a function of

pH, across the same range of ionic strength as the potentiometric titrations. Overall, the

cumulative heat evolved increased with increasing additions of acid. The heat per injection

became less exothermic once about 1 – 2 µmoles of H+ was added at low ionic strength.

At higher ionic strength, cumulative heat evolved became less exothermic after about 2 –

4 µmoles of protons were added. The total heat produced varied with ionic strength from

about 0.06 J to 0.12 J with the maximum total heat produced in suspension at medium ionic

strength. These data illustrate that the total enthalpy of protonation for CN32 is exother-

mic. To establish how that total heat is divided between functional groups, we applied

the surface complexation models to these data and derived enthalpies of protonation from

Equation 2.6.

Table 2.1: Surface complexation model parameters and thermodynamic potentials for the 3-site model at low,
medium, and high ionic strengths. Changes in equilibrium constants of protonation (∆K) reflect the difference
between stability constants at 20◦C and 45◦C, as determined with Equation 2.8. Standard error is reported.

IS (M) Site log(K) [C] (µmol/g) ∆G (kJ/mol) ∆H (kJ/mol) ∆S (J/molK−1) |∆K|
L1 4.88 ± 0.05 93 ± 5 −27.85 ± 0.28 −7.03 ± 1.21 69.8 ± 4.2 0.10

0.02 - 0.04 L2 6.97 ± 0.05 70 ± 1 −39.74 ± 0.28 −13.70 ± 1.48 87.4 ± 5.1 0.19
L3 9.46 ± 0.03 97 ± 5 −53.96 ± 0.16 −60.38 ± 1.82 −21.5 ± 6.1 0.85
L1 4.79 ± 0.07 104 ± 3 −27.35 ± 0.39 −7.92 ± 1.51 65.2 ± 5.2 0.11

0.11 - 0.13 L2 6.78 ± 0.08 107 ± 2 −38.69 ± 0.43 −13.98 ± 1.11 82.9 ± 4.0 0.20
L3 9.37 ± 0.06 172 ± 9 −53.43 ± 0.34 −47.87 ± 1.10 18.7 ± 3.9 0.67
L1 4.95 ± 0.03 119 ± 2 −28.26 ± 0.17 −11.09 ± 0.75 57.6 ± 2.6 0.16

0.51 - 0.53 L2 6.69 ± 0.03 64 ± 1 −38.18 ± 0.19 −11.10 ± 1.37 90.9 ± 4.6 0.16
L3 9.64 ± 0.02 115 ± 5 −54.98 ± 0.12 −22.51 ± 1.25 109.0 ± 4.2 0.32
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Titration modeling

Potentiometric titration data was modeled using 1 – 5 discrete sites and F-tests to determine

statistical improvement of model fits for each dataset. The 1- and 2-site models under-

predicted proton adsorption between pH 4 and 5 and pH 7 and 10. The 3-site models

produced a statistically better fit to the data than the one and two site models, and a sig-

nificantly worse fit than the 4-site models for all but two of the titrations (one at low ionic

strength and one at medium ionic strength). Table 2.1 reports 3-site model results (4-site

model results are shown in Supplementary Materials). A 5-site model failed to converge

to our data. Statistical data can be found in the Supplementary Materials.

Applying surface complexation models to the ITC data using Equation 2.6 produced

contrasting results to the potentiometric titration data. The 3-site model produced the

best fit to each of the ITC datasets across ionic strengths. Thermodynamic parameters

are presented in Table 2.1 and in the Supplementary Materials. Figure 2.2 illustrates the

fit of Equation 2.6 to Qcorr,v using the 3-site model. The 1-site model vastly under- and

over-predicted Qcorr,v. The 2-site model was a substantial improvement over the 1-site

model but was not significantly better than the 3-site model. While the 4-site model was

an improvement over the 1- and 2-site models, the residual sum of squares was higher

than and statistically significant from the 3-site model. The inferior fit of the 4-site model

was clearly reflected in the ∆H errors, where the 4-site model produced consistently larger

errors, with some exceeding the estimated value. An unreasonable enthalpy of protonation

was obtained for L3 when 4 sites are applied at high ionic strength. This produced an

endothermic enthalpy of protonation, which is unlikely given the potential structures (e.g.,

phosphoryl) expected on the cell envelope with a log(K) within the range observed for L3

(7.00 – 8.29).

The enthalpies of protonation for each site in the 3-site models were entirely exother-

mic, with some variation between ionic strengths (Table 2.1). Protonation enthalpies for

each site, regardless of ionic strength, were positively correlated with its ∆G, with L3 be-
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ing the most exothermic. Between ionic strengths, this trend was also observed for L2,

where changes in a ∆G were directly proportional to changes in ∆H. The correlation is

lost, however, for L3, where an increase in ∆G with ionic strength corresponds to a de-

crease in protonation enthalpy.

2.3.2 FTIR data

Figure 2.3 shows the spectra of CN32 at medium ionic strength from pH 4 to 9.4. Medium

ionic strength was chosen due to a lack of effect of ionic strength on FTIR spectra (see Sup-

plementary Materials). Over the entire pH range, there are peaks known to be associated

with microbial surfaces centered at 970, 990, 1084, 1230, 1396, 1450, 1544, and 1637 cm−1

(Kamnev et al., 1999; Jiang et al., 2004; Parikh & Chorover, 2006; Kenney et al., 2018). An

additional peak with a much reduced intensity is also present at 1736 cm−1. Peak assign-

ments are summarized in Table 2.2. Peak position was largely consistent across pH values,

while some peak heights decreased slightly with increased pH. That change in height is ev-

ident in peaks 1637, 1230, and 1084 cm−1 (IR bands b, f, and h). The peak centered around

1396 cm−1 showed an opposite trend as peak height increased with increasing pH.
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Figure 2.3: FTIR spectra normalized to the area under the amide II band (1548 cm−1) of
CN32 at medium ionic strength with varied pH. Approximate band locations indicated
with vertical dashed lines.
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Table 2.2: Assignments for the major vibrational bands, shown in Figure 2.3, as compiled
from Kamnev et al. (1999), Jiang et al. (2004), Parikh & Chorover (2006), and Kenney et al.
(2018). δ = bending, ν = stretching, s = symmetrical, as = asymmetrical

IR band Wavenumber (cm−1) Assignment

a 1736 ν C−−O in protonated carboxylic
acid groups

b 1637 ν C−−O in amide I
c 1544 δ N−H and ν C−N in amide II
d 1450 Asymmetric CH2 scissoring

in lipids or proteins
e 1396 νs COO− in carboxyl groups
f 1230 νas P−−O in a protonated

polyphosphate
g 1118 νs C−C and C−O−C and νas P−O−C

in phosphates, phosphodiesters,
and carbohydrates

h 1084 P−OH vibrations in a protonated
polyphosphate

i 1061 Carbohydrates and phospholipid
vibrational modes

j 993 C−OH and C−C vibrations in
polysaccharides and alcohols

k 972 νs P−OH

2.3.3 Cell viability analysis

CN32 was at least partially viable throughout the pH range examined (see Supplemental

Materials). The majority of cells, however, became non-viable over the course of the ini-

tial and reversibility titrations (decreasing in viability from 77% to 6%). Viability was not

statistically affected by the initial suspension of cells and subsequent pH adjustment to

ca. pH 10. Viability decreased by a factor of 1.5 after the initial titration, and by an addi-

tional factor of 8.5 following the reversibility titration. These two reductions in viability

were statistically significant at 95% confidence. While a less oxidative electrolyte, such as

NaCl, may have imparted a smaller change in viability, NaClO4 was selected to support
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future studies with metal adsorption onto CN32 in an electrolyte with less complexation

potential. In addition, despite using NaClO4, cells appear nearly completely intact despite

a loss in membrane integrity, as shown by the staining. This suggests that cell fragments,

or the exposure of internal cellular components, did not substantially contribute to proton

adsorption.
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2.4 Discussion

2.4.1 Thermodynamic constraints on surface complexation modeling

Quantifying bacterial surface reactivity with surface complexation modeling results in pa-

rameters that are dependent on the modeling approach. Additionally, the range of pH

values included in the modeled titrations will directly impact the number of discrete sites

needed to optimize the fit between model and data. When SCMs are applied to ITC data,

we can further constrain the number of sites based on the magnitude and the error of

the enthalpies of protonation in addition to the reasonableness of the derived parame-

ters. Specifically, we define models that yield both reasonable enthalpies of protonation

for known bacterial surface sites and minimal errors on those values as enthalpically con-

strained models. Importantly, the number of sites in an enthalpically constrained model

may differ from the number of sites in an SCM only constrained by proton adsorption data.

Our 3-site enthalpically-constrained model demonstrates this difference.

Typically, when modeling the consumption of protons in titration data, increasing the

number of available discrete binding sites produces a better fit between model and data,

provided that there is some degree of misfit to the model with fewer sites. This was evident

in eight of our ten datasets; increasing the SCM from 3 to 4 sites by adding additional site

with a log(K) value below 7 yielded a better fit to our data. However, increasing the total

number of sites from 4 to 5 over-constrained the model, most likely because of the pH

range considered in our experiments (pH 4 to 10) did not possess enough distinct foci of

buffering intensity; however, this range did ensure cells remained at least partly viable for

reversibility titrations. CN32 titration datasets from a broader pH range can be modeled

with 5 sites as shown by Smith & Ferris (2003) and Sokolov et al. (2001). The typically

clear improvements in SCM fits to proton adsorption mass balance data (Equation 2.5) by

increasing sites, when appropriate for the pH range of the data, may not be mirrored when

applying the SCM to ITC data. Derivation of site-specific enthalpies of protonation uses

SCM predictions of the extent of protonation with each step in the titration. The more sites
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that are involved in a model, the more proton adsorption is partitioned between sites, and

the smaller ∆nv
HLi

values become. This can result in Qcorr,v partitioning beyond what can be

constrained by the calorimetric data and yield both unreasonable enthalpies of protonation

and/or errors on those values. Deriving site-specific enthalpies of protonation from ITC

data provides an additional test for SCMs and determines the limits of how many sites can

be resolved based on two types of data. From here forward, we will evaluate CN32 surface

reactivity based on the enthalpically-constrained 3-site model.

The formation constants and enthalpies and entropies of protonation for each site fell

within ranges previously observed for gram negative bacteria. The log(K) and ∆S values of

L1 (4.79 – 4.95 and 57.6 – 69.8 J/molK−1) are consistent with the protonation of a carboxylic

acid group (DeRobertis et al., 1999; Goldberg et al., 2002; Kitano et al., 2006). While the ∆H

values for L1 (−7.03 – −11.09 kJ/mol) are more exothermic than some observations of car-

boxyl protonation enthalpies (Christensen et al., 1967; Goldberg et al., 2002; Kitano et al.,

2006), they are within the ranges observed for multicarboxyl compounds, such as oxalate

and phthalate (Goldberg et al., 2002) and aminopolycarboxyates like EDTAPA (Danil De

Namor & Pacheco Tanaka, 1998). For L2, our measurements of the enthalpy and entropy

of protonation are within the range of parameters previously observed for the protonation

of polyphosphates (Sawada et al., 1993; Nash et al., 1995). Specifically, L2 has ∆H values

(−11.10 – −13.98 kJ/mol) and ∆S values (82.9 – 90.9 J/molK−1) very similar to those for

the protonation of a P-O group in a polyphosphate, as measured by De Stefano et al. (2004).

Lastly, our observations of L3, as summarized in Table 2.1, are consistent with thermody-

namic parameters of amines. De Robertis et al. (1991) previously observed similar changes

in aspartic acid where the amine group is near carboxyl groups. Moreover, L3 exhibits

enthalpy-entropy compensation with ionic strength, where a reduction in exothermy cor-

relates with an increase in entropy, as seen in amines previously (De Robertis et al., 1991;

Bretti et al., 2014). In all, our thermodynamic measurements suggest that the three acidic

sites on CN32 are predominantly carboxyl, polyphosphate, and amine moieties.
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2.4.2 Temperature dependence on surface protonation

In addition to providing constraints on site identity and the coordination environment

more broadly, protonation enthalpies can be used to estimate temperature impacts on

log(K) values. We can estimate temperature dependence using enthalpies of protonation,

protonation constants, absolute temperature (T), and the gas constant (R) in the van ’t Hoff

equation (Equation 2.8).

δ

δT
lnKeq =

∆H
RT2 (2.8)

Previous work has shown that enthalpies of microbial surface protonation change little

from 25 to 75 ◦C (Gorman-Lewis, 2011). This supports the assumption that relative heat

capacities of the products and reactants are zero for the protonation reactions (such that

∆CP = 0). This method is preferable to performing potentiometric titrations over a range of

temperatures, as errors on protonation and stability constants when performing titration

and adsorption experiments with biomass suspensions at elevated temperatures can often

be large (Wightman et al., 2001; Ginn & Fein, 2009).

S. putrefaciens studies are typically performed at 30◦C, though the genus exhibits a

range in temperature tolerance, with growth possible down to 5◦C (Hau & Gralnick, 2007).

We used the Van’t Hoff equation to calculate the change in protonation constants from

20◦C to 45◦C (Table 2.1). This range includes the most broadly accepted range of growth

temperatures for mesophilic bacteria (Willey et al., 2008). As expected, for all sites and all

ionic strengths, this predicts a decrease in the log(K) values with temperature. For L1 and

L2 at each ionic strength, the change was less that 0.3 log units, suggesting a minimal de-

pendence of the acidity constants of those sites on temperature. At low and medium ionic

strength, L3 changed more appreciably over the range of temperature examined, with a

change of more than 0.5 log units for each. While this effect was lost somewhat at high

ionic strength, L3 still had the largest temperature effect at that ionic strength. This in-
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dicates that the acidity constant for Site 3 is dependent on temperature, distinguishing it

from the other sites. The fact that this impact decreases with ionic strength may be due

to the conformational changes suggested by the entropy of protonation for L3, which in-

creased from a negative value at low ionic strength (−21.5 J/molK−1) to a large positive

value at high ionic strength (109.0 J/molK−1, see discussion below). The structure of this

conformational change, and why it was only observed at L3, is beyond the scope of this

study. However, as demonstrated here, conformational changes are important to fully un-

derstanding the reactivity of microbial envelopes.

2.4.3 Comparison to previous work

When putting the work presented here in the context of previous studies, it is important

to consider both the experimental methods and modeling approach. Sokolov et al. (2001)

and Smith & Ferris (2003) grew and harvested CN32 biomass using similar methods to

this work. However, the experimental pH range over which they titrated CN32 was larger

and their modeling approach was different. They applied a linear programming method

and a Fully Optimized ContinUouS (FOCUS) pKa spectrum method, respectively. These

approaches fix log(K) values typically from the minimum and maximum of the pH range

of the titrations at intervals of 0.2 units while the site concentrations remain as unknowns.

This approach can avoid convergence issues when fitting both the acidity constants and

site concentrations, which was the approach used in the current work (Brassard et al.,

1990; Cox et al., 1999). Given the pH range of their work and modeling approaches, a

5-site SCM is a reasonable outcome. Despite the differences between our approach and

previous work, meaningful comparisons can still me made.

When we compare log(K) values for our medium ionic strength data to the models of

both Sokolov et al. (2001) and Smith & Ferris (2003) (also done at 0.1 M), our values are

within approximately a half log unit of those observed for sites 2, 3, and 5. Similarly, the

total site concentration in dry weight (calculated using a 4:1 conversion of wet weight to
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dry weight; see Supplemental Materials) is 1510± 56 µmole/g, which is consistent with the

values of Sokolov et al. (2001) (1770 µmole/g) and Smith & Ferris (2003) (1590 µmole/g).

This suggests all three modeling methods are capturing the CN32 surface reactivity re-

gardless of the partitioning of those sites based on log(K) values. In order to evaluate if a

particular approach more accurately captures structural character (i.e., potential coordina-

tion environment and nearest neighbor functional groups) of the CN32 surface, the models

need to be applied to another type of data that is more sensitive to the surrounding struc-

tural character of surface functional groups.

We can apply the surface complexation models from Sokolov et al. (2001) and Smith &

Ferris (2003) to our ITC data, just as we have done for our own SCMs. This allows us to

quantitatively evaluate the ability of those 5-site models to capture the heat and entropy

produced from protonation. The model by Sokolov et al. (2001) (see Supplemental Materi-

als) produced site-specific enthalpies of protonation that were both reasonable (e.g., −3.1

kJ/mol) and unreasonable (e.g., −165 kJ/mol) for microbial functional groups. Further-

more, the errors for those enthalpies of protonation (e.g., 14.2 kJ/mol) indicate that the pa-

rameters are not accurately describing reactivity. The model by Smith & Ferris (2003) also

produced unreasonable enthalpies of protonation (e.g., −108 kJ/mol) and errors. Similarly,

the entropies of protonation derived from these ∆H and log(K) values included values ex-

ceeding the range expected for microbial surfaces (e.g., −171 J/molK−1) and uniformly

high errors (e.g., 122 J/molK−1). The inability of these models to produce reasonable en-

thalpies and entropies of protonation suggests that the inclusion of five discrete sites rep-

resents an overly partitioned state of surface reactivity. The relatively small errors on the

thermodynamic parameters observed in this work, in constrast, indicate that those param-

eters are reasonably well constrained. This may indicate that although surface reactivity

can be captured by additional sites with the linear programming and FOCUS methods,

the SCMs may not reflect the intricacies of binding site structure that are elucidated with

entropies and enthalpies of protonation.
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2.4.4 Ionic strength impacts

It has recently become well established that the ionic environment directly alters the struc-

ture of the LPS on the outer membrane of gram-negative bacteria (Silhavy et al., 2010;

Simpson & Trent, 2019; Rahnamoun et al., 2020). For example, cations such as Ca2+ cause

conformational changes to LPS molecules, such as the transfer of the O-ploysaccharide

toward the core oligosaccharide, as measured in isolated LPS molecules suspended in 5

mM HEPES and 100 mM KCl at pH 7.4 (Schneck et al., 2009). Consistent between these

studies is that divalent cations result in more significant changes to LPS structure than

monovalent cations, including higher concentrations of ionic bridges and steric barriers

(Rahnamoun et al., 2020). Monovalent cations, in contrast, appear to have a weaker effect

on LPS, manifested primarily in charge shielding rather than bridging or steric barriers.

Still, as observed by Rahnamoun et al. (2020), monovalent cations with smaller radii (e.g.,

Na+ versus K+) result in increased packing of LPS (i.e., closer physical association of LPS

molecules), with some degree of ionic bridging. Broadly, these studies have provided crit-

ical initial measurements in understanding how the ionic environment affects LPS struc-

ture.

The work by Rahnamoun et al. (2020) highlights important details regarding bacterial

surface conformation which can aid in the interpretation our ionic strength comparisons.

We performed an analysis of variance along with a Tukey post-hoc test on the average pa-

rameters in Table 2.1 to determine if these impacts on LPS were evident in the SCM results

across the ionic strengths investigated. All site concentrations (C1 - C3) were significantly

affected by ionic strength at 95% confidence, although those changes did not follow an

overall trend. L1 concentration increased with ionic strength, while the concentrations of

L2 and L3 peaked at medium ionic strength. As ionic strength changes, it is expected that

LPS packing and ionic bridging will change. We attribute the changes observed in site

concentrations to these known conformational changes in the cell envelope with changing

cation concentrations described by Rahnamoun et al. (2020), which will alter the number
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of titratable sites.

Changes in enthalpies and entropies of protonation along with log(K) values may re-

veal more structural details about how these binding site environments change with ionic

strength. The analysis of variance showed that the log(K) of site 3 increased significantly

(95% confidence) at high ionic strength but was insensitive to change from low to medium

ionic strength. Protonation enthalpies and entropies of L3 were significantly different (95%

confidence) at high ionic strength compared to medium and low ionic strengths. The fact

that only site 3 was affected by ionic strength in terms of all three thermodynamic param-

eters (log(K), ∆H, and ∆S) suggests that L3 constitutes a binding environment that is more

sensitive to LPS conformational changes than L1 and L2. Indeed, enthalpies and entropies

of protonation and stability constants for amine-containing ligands, the site identity as-

signed to L3 (vida supra), appear to be more directly affected by ionic strength when part

of a multidentate ligand (De Stefano et al., 2005) than as a monoamine (De Robertis et al.,

1991).

The sensitivity of aqueous entropies of association to hydration make it an excellent pa-

rameter to use to learn more about why L3 is more sensitive to ionic strength than L1 or L2.

Entropies of protonation for L3 decreased with decreasing electrolyte concentration, which

indicates an increase in order around L3. It is well established that an increase in order of

aqueous systems (a decrease in the entropy of association) is a result of hydrogen bonding

between ligands and the ordering of water molecules along with statistical effects (Frank &

Evans, 1945; Edward J. King, 1965; Irudayam & Henchman, 2009; Ahmad et al., 2014). This

decrease in entropy of protonation to negative values of a postulated amine-containing lig-

and as seen in this work has been previously observed in polyamines. Barbucci et al. (1981)

found low and negative protonation entropies of amine protonation. They attributed this

to the influence of nearest neighbor effects on hydrogen bonding between the protonated

site and water molecules (Barbucci & Vacca, 1974; Barbucci & Barone, 1979). The fact that

a negative protonation entropy was only observed in our low ionic strength data is consis-
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tent with this reasoning. Surface potential increases as electrolyte concentration decreases,

allowing the surface to exert a larger effect on the bulk solution and increasing order (Mar-

shall et al., 1971; Dzombak & Morel, 1990; Busalmen & De Sánchez, 2001). This effect is

lost at high ionic strength, where surface potential decreases and LPS packing increases.

The contrasting effects of ionic strength on the three sites identified here are consis-

tent with the current understanding of how ionic strength impacts bacterial protonation

properties. Martinez et al. (2002) quantified nonspecific interactions between the bacterial

surface and background electrolyte for a gram positive (Bacillus subtilis) and a gram neg-

ative (Escherichia coli) bacterium. Specific effects of ionic strength were observed both for

log(K) values and site concentrations when analyzed with the FOCUS model (a continuous

log(K) affinity distribution method) and Donnan potential. The influence of ionic strength

on site chemistry of the gram positive Bacillus subtilis was reevaluated by Fein et al. (2005).

Their analysis included a more exhaustive application of modeling approaches for poten-

tiometric data and suggest the effect of ionic strength is at best smaller than observed by

Martinez et al. (2002), or not present. Indeed, as noted by Fein et al. (2005), and others (e.g.,

Plette et al., 1995; Daughney & Fein, 1998; Tourney & Ngwenya, 2010) the effect of ionic

strength on surface reactivity with protons may be very small. A slightly different con-

clusion was reached in a subsequent analysis by Borrok & Fein (2005) that included two

gram negative bacteria, where a moderate effect of ionic strength on protonation proper-

ties was observed. The variations we observed in the effect of ionic strength on log(K)

values are consistent with the variegated effects of ionic strength on bacterial protonation

properties observed to date. That is, for the log(K) values of L1 and L2, we see evidence for

the very minor effects similar to those observed by Fein et al. (1997), but in K3 and each of

the site concentrations, we see more substantial correlation of ionic strength change with

functional group changes, as suggested by Martinez et al. (2002).

It is likely that conformational changes in the cell envelope impact surface site concen-

trations. However, our present understanding of conformation changes is very limited.
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This is compounded by the inability of electrostatic models to satisfactorily describe proto-

nation behavior at various ionic strengths. This implies that these conformational changes

cannot be satisfactorily predicted, which ultimately suggests that the best approach to in-

clude these conformational effects in SCMs is by using apparent constants at appropriate

ionic strengths.

2.4.5 FTIR

Spectroscopic data can aid in the identification of functional groups and provide comple-

mentary lines of evidence regarding the reactivity of the cell surface. For CN32, our FTIR

data are consistent with vibrational modes in compounds including amides, carboxyls,

phosphates, and carbohydrates (Table 2.2). In contrast to observations by Jiang et al. (2004),

the intensity ratio of the Amide I to II bands decreases with an increase in pH from pH 4

– 6, and increases from pH 6 – 9. The addition of a new peak in the same energy region,

namely C=O stretching in a protonated carboxylic acid group at 1736 cm−1, could impact

this ratio. Alternatively, it may suggest that there are conformational changes to the protein

secondary structure that vary with pH (Jiang et al., 2004; Parikh & Chorover, 2006).

Changes to peak intensity are the main impacts pH had on spectra in this work. An

internal standard would allow for a quantitative assessment of site concentration from

peak intensity. Lacking that, the change in intensity can be used to qualitatively infer

changes in concentration of the sites. Specifically, peak h decreases in intensity with pH.

Similarly, the intensity of peak f decreases from pH 4 to 5. This implies the corresponding

functional groups decrease in concentration with pH. Peak e has the opposite trend, where

intensity and concentration increase with pH.

The confidence with which the bonding environment can be described on the cell en-

velope directly depends on identifying constituent peaks within these spectral data, and is

correspondingly limited by peak overlap. Specifically, the region from approximately 1000

– 1150 cm−1 contains a variety of potential structures. Additionally, the amide II band is
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a result of both N-H and N-C vibrations. Whether both signals are observed, and what

their respective intensities were, however, was not clear from this initial spectral analysis.

To establish which structures contribute to these regions of broad peaks where additional

vibrational bands are likely, we performed Gaussian deconvolution on the spectra. Those

deconvolved peak assignments are summarized in Table 2.3, and the corresponding spec-

tra can be found in the Supplementary Materials.
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Table 2.3: Peak assignments for the deconvolution analysis. IR Bands refer to bands in the
deconvolved region that were previously identified (see Table 2.2). Spectra are shown in
the Supplementary Materials. 1σ errors of peak location ranged from 0.1 – 3 cm−1, with an
average of 0.6 cm−1 (see Supplementary Materials for individual peak errors). δ = bending,
ν = stretching, s = symmetrical, as = asymmetrical

IR Band(s)/pH Wavenumber Assignment Reference

c (pH 4) 1499 δs NH3 / νs C-N-C=O Rosado et al. (1998) / Ji et al. (2020)

c 1513 δs NH3 / νs C=O Rosado et al. (1998) / Ji et al. (2020)

c 1532 δs NH3 Parker (2013)

c 1550 δs NH3 Parker (2013)

c 1558 δs NH3 Parker (2013)

c 1567 δas NH3 Parker (2013)

c (pH 9) 1498 δs NH3 / νs C-N-C=O Rosado et al. (1998) / Ji et al. (2020)

c 1524 δs NH3 / νs C=O Parker (2013) / Ji et al. (2020)

c 1535 δs NH3 Parker (2013)

c 1543 δs NH3 Parker (2013)

c 1548 δs NH3 Parker (2013)

c 1570 δas NH3 Parker (2013)

g, h, i (pH 4) 1026 δ C-O Ibrahim et al. (2006)

g, h, i 1054 δ C-O Ibrahim et al. (2006)

g, h, i 1064 δas P-O in PO2−
3 Zenobi et al. (2008)

g, h, i 1086 δs P-O in HPO−
3 Zenobi et al. (2008)

g, h, i 1102 δas P-O in PO2−
3 Zenobi et al. (2008)

g, h, i 1117 δ C-O Ibrahim et al. (2006)

g, h, i (pH 9) 1031 δ C-O Ibrahim et al. (2006)

g, h, i 1056 δ C-O Ibrahim et al. (2006)

g, h, i 1069 δas P-O in PO2−
3 Zenobi et al. (2008)

g, h, i 1086 δs P-O in HPO2−
3 Zenobi et al. (2008)

g, h, i 1101 δas P-O in PO2−
3 Zenobi et al. (2008)

g, h, i 1118 δ C-O Ibrahim et al. (2006)
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This more detailed analysis of the FTIR spectra also allowed us to examine any effects

resulting from pH not readily observable from the original spectral analysis. For both re-

gions examined, this showed only a very minor impact of pH on surface functional groups.

In the deconvolved region containing peak c, there is a shift of one peak from 1513 at pH

4 to 1524 at pH 9, but these are both consistent with symmetric bending of an NH3 group.

In the deconvolved region containing peaks g/h/i, an increase in the intensity of peaks at

1101 cm−1 and 1053 cm−1 with pH is evident. A decrease in the intensity of the peak at

1069 cm−1 is illustrated as well. Overall, however, the peak assignments remain consistent

from pH 4 to pH 9.

2.4.6 Viability impacts

A key step in inferring surficial reactivity from titration data is the assumption that proto-

nation reactions are predominantly only occurring on the cell surface. This is in contrast to

reactions occurring on cell fragments that have exposed internal proton active sites and/or

leakage of proton-ionizable molecules from non-viable cells. The most common method

of evaluating cell viability is through differential staining of cells (e.g., Feng et al., 2014).

The reactivities of viable versus non-viable cells have consistently been shown to differ

(see the compilation of data provided by Javanbakht et al. (2014) and Torres (2020)). Cells

that stain as non-viable have ruptured membranes that allow proton-ionizable chemicals

to leak from inside the cell, which has the potential to modify the proton mass balance

calculation (Equations 2.4 and 2.5) if sufficient leakage occurs. This is supported by the

quantifiable reactivity of non-cellular biomass produced from bacteria (Torres, 2020). To

assess if cell fragmentation influences proton mass balance, an examination of cell mor-

phology is needed.

We used viability staining, described above, and reversibility titrations to assess poten-

tial leakage of proton-ionizable chemicals from the washed, metabolically inactive cells.

A representative photomicrograph of non-viable CN32 cells in a suspension of NaClO4
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at pH 4 is provided in the Supplemental Materials. The observed loss of viability sug-

gests that leakage of proton-ionizable molecules through compromised membranes was

possible. In order for leakage to impact the titration data, the sensitivity of the titrations

would have to be greater than the change to the proton mass balance equation. This means

that there would have to be a significant difference in the proton mass balance between the

initial, primarily viable, and the reversibility, primarily non-viable, titrations. The agree-

ment between these titrations demonstrates that the titrations in this work were insensitive

to leakage of proton ionizable chemicals. This suggests that addition of proton-ionizable

molecules from within cells was not sufficiently high to be detected in the titrations.
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2.5 Conclusions

The complementary datasets from SCMs and ITC provide new data on the binding en-

vironment on the CN32 cell envelope. FTIR data support the structural assignments of

three predominant reactive sites on CN32. Deconvolution of the FTIR spectra provided

an additional level of detail in our understanding of that surface structure, revealing the

constituent peaks for two of the more complex spectral regions, along with the relative in-

tensities of those bands. Our results indicate the presence of carboxyl, polyphosphate, and

amine groups on CN32, with all site concentrations significantly affected by ionic strength.

The amine group showed the greatest sensitivity to ionic strength, with changes to its ther-

modynamic properties consistent with conformational alterations.

More-complex electrolytes than were considered in this work, such as those with di-

valent cations, may have important effects on the protonation properties of microbial sur-

faces. Specifically, impacts of LPS packing, imparted by the electrolyte, on protonation pa-

rameters should be be investigated further. Additionally, more detailed analyses regard-

ing the specific chemical alterations involved in conformational changes would further

improve our ability to accurately describe the chemical structure of microbial envelopes

across a range of geochemical conditions. Site concentrations may be more sensitive to

electrolytes than stability constants of protonation. Our results show that these impacts

are varied, and previous work on applying electrostatic models to cell envelope proto-

nation have mixed results. Ultimately, the success of applications of surface complexation

models of microbial envelopes to geochemical systems may depend on accurately account-

ing for electrolyte impacts. In all, this work helps to refine our understanding of the cell

envelope of CN32 and the results are directly applicable to examining the interaction of

those functional groups and reactive contaminants such as heavy metals.
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Chapter 3

SURFACE COMPLEXATION OF U(VI) ONTO SHEWANELLA
PUTREFACIENS CN32

Co-authored by Addien C. Wray and Drew Gorman-Lewis

Abstract

The adsorption of chemical species onto charged surfaces is central in regulating their in-

teractions with and effects on in situ microorganisms. The specific adsorption of radionu-

clides onto bacterial surfaces has gained recent traction in the literature for its obvious

remediation implications, but also for understanding microbial adaptations to toxic com-

pounds. The adsorption of hexavalent uranium onto bacterial surfaces is important for

microbes to adapt to high concentrations of heavy metals. In energy-limited systems, this

ability can prove essential, as other metals are often comingled with U(VI) and the ability

to withstand those toxic chemicals is necessary to obtain adequate nutrients and chemical

energy. In this chapter, I present results obtained by constraining the U(VI) adsorptive po-

tential of the same bacterium from Chapter 1, Shewanella putrefaciens CN32. I describe how

four important variables impact the amount of U(VI) that gets adsorbed onto CN32: ionic

strength, CO2, pH, and the co-presence of other cations. By combining those measure-

ments with chemical speciation models for U(VI) in each system, I describe the specific

chemical reactions involved with that adsorption and, critically, the stability constants of

those reactions. This allows for predictive statements to begin to be made about the ability

of this bacterium to adsorb U(VI) under a variety of environmental conditions. Because

each variable included would very likely be applicable to the chemical environments of

exoplanets, this work is foundational in the application of surface complexation models to

heavy metal-rich systems, which would allow us to better predict the actual habitability of
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what may otherwise appear to be uninhabitable systems.
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3.1 Introduction

Chemical interactions between metals and reactive surfaces is critical in regulating the

transport of toxic compounds in the environment (Dzombak & Morel, 1990; Dube et al.,

2001; Moon & Peacock, 2012; Zou et al., 2016; Ciffroy & Benedetti, 2018). Radionuclide

adsorption onto bacterial surfaces is of particular concern given the widespread distribu-

tion of radionuclides from both anthropogenic and natural sources (e.g., Gorman-Lewis

et al., 2005b; Anderson et al., 2007; Gorman-Lewis et al., 2013; Safonov et al., 2019; Lopez-

Fernandez et al., 2018). Moreover, radionuclides present an important obstacle to envi-

ronmental habitability, where otherwise favorable conditions are made inhospitable by

their presence (Sitte et al., 2015; Boteva et al., 2016; Chen et al., 2021). Some microorgan-

isms, however, are able to withstand that toxicity and, through their chemical interactions

with radionuclides, alter the geochemical environment sufficiently for other taxa to survive

(Newsome et al., 2014; Lopez-fernandez et al., 2020; Povedano-priego et al., 2022).

Uranium has been of particular interest given its high potential for mobility under ox-

idizing conditions, where the soluble U(VI) is the dominant oxidation state (Haas et al.,

2001; Arnold et al., 2006; Alessi et al., 2012; Stylo et al., 2013). However, understanding

interactions of uranyl ions (UO2+
2 ) with bacterial surfaces is difficult because UO2+

2 readily

forms highly soluble complexation products, dependent on in situ geochemical conditions

(Stanley & Wilkin, 2019; Kalintsev et al., 2021). To date, there have been few investigations

about how geochemical variables, such as the presence of CO2 and divalent cations, alter

the way UO2+
2 impacts bacterial surface reactivity. Quantifying that interaction requires

a combined understanding of U(VI) speciation and microbial surface reactivity. As de-

scribed below, our knowledge in this area has advanced significantly in recent years, but

there remain key gaps that need to be addressed.

The geochemical environment determines the speciation of U(VI). For example, in an

aqueous solution, the free uranyl ion remains dominant up to circumneutral pH, beyond

which uranyl hydroxides form. As shown in Figure 3.1, when equilibrated with atmo-
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spheric conditions (i.e., CO2 partial pressure of 10−3.5 bar), the system yields uranyl-carbonate-

hydroxide complexes in place of the uranyl hydroxides. The introduction of divalent

cations into solution, like Ca2+ and Mg2+ (see Figure 3.2), similarly complex with UO2+
2

and form negatively charged ternary species (Dong & Brooks, 2006, 2008).

Figure 3.1: Speciation of U(VI) in water equilibrated with atmospheric CO2.
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Figure 3.2: Speciation of U(VI) in water with 10 mM Ca2+ and Mg2+ and equilibrated with
atmospheric CO2.

The predominantly negatively charged uranyl complexes forming above circumneu-

tral pH have interesting electrostatic implications for adsorption onto bacterial surfaces.

Typically, cations interact with bacterial surfaces in this pH range. This is due to bacte-

rial surfaces being dominated by negatively charged surface sites above pH 6 (Noda &

Kanemasa, 1984; Wilson et al., 2001; Ayala-torres et al., 2014). Therefore, electrostatics pre-

dicts there should be no direct interaction between the surface and anionic U(VI) species,

such as those formed at high pH. Yet previous work has repeatedly shown that uranyl

complexes do interact, reversibly, with bacterial surfaces (Fowle et al., 2000; Haas et al.,

2001; Sar & D’Souza, 2001; Gorman-Lewis et al., 2005a; Sheng et al., 2011; Sheng & Fein,

2013a). Interactions could be facilitated by ternary reactions, where a free cation bridges a

functional group and a U(VI) complexation product (Kenney et al., 2017a). Those ternary

interactions, and the direct complexation of U(VI) species onto the cell at lower pH, are

ultimately governed by the net electrical potential of that surface.

The bacterial surface is a complex structure with a nuanced coordination environment

responsible for complexation reactions (Fein, 2006). Hereafter, we will refer to the outer-
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most portion of the cell as its cell envelope to denote the complexity of this cell structure

(Rahnamoun et al., 2020). Outer membranes of gram-negative bacteria are composed of an

oligosaccharide, and a subset of those also contain an O-specific oligosaccharide anchored

by lipid A (Nazarenko et al., 2003; Krasikova et al., 2004). Carboxylic acids, phosphates,

and possibly phenols are found within lipid A (Jiang et al., 2004; K. Auer & B. Weibel, 2017).

Proteins, embedded throughout the lipopolysaccharides (LPS), are also present in the outer

membrane, but likely compose at least an order of magnitude less mass than the total LPS

(Beveridge & Murray, 1980; Jiang et al., 2004; Silhavy et al., 2010). A variety of functional

groups can be found within proteins, including carboxylic acids, thiols, and amines (Welte

et al., 1995; Koebnik et al., 2000; Nell & Fein, 2017). These acidic functional groups found

on the cell envelope are responsible for the net electrical potential of a microbial surface.

This phenomenon is well documented by previous work measuring ζ potentials in bacte-

rial suspensions. Beskok & Pillai (2008), Ktodzinska et al. (2010), and Ayala-torres et al.

(2014) all found that Gram negative cell envelopes are negatively charged above pH 6 – 7.

Electrolytes commonly used in bacterial adsorption studies, such as sodium perchlo-

rate or sodium chloride, can impact ζ potentials and consequently the extent of metal ion

interaction with the cell envelope (Alessi et al., 2010). Changing the ionic strength of a

bacterial suspension has well known effects on the adsorption of metals onto bacterial

surfaces. The impact of ionic strength on the protonation/deprotonation of cell envelope

acidic sites is also documented, though the magnitude of that impact is variable (Plette

et al., 1995; Daughney & Fein, 1998; Martinez et al., 2002; Fein et al., 2005; Tourney & Ng-

wenya, 2010; Wray & Gorman-Lewis, 2022). Ngwenya & Chirwa (2015) recently quantified

the inverse proportionality between ionic strength and the adsorption of a variety of met-

als (Sr2+, Co2+, and Cs+) onto multiple sulfate-reducing bacteria. He et al. (2013) observed

a similar inverse proportionality between ionic strength and proton adsorption by a hy-

perthermophilic arachaean. To date, however, few studies have directly investigated the

effects of ionic strength on U(VI) adsorption to dissimilatory metal reducing bacteria
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(DMRB) (Haas et al., 2001).

This is a crucial weakness in the literature as surface reactions of U(VI) on DMRB have

been tied to the reduction of U(VI) (Marshall et al., 2006). Of DMRB, some taxa utilize U(VI)

as an energy source, where it acts as the terminal electron acceptor during growth (Lovley,

1993; Anderson et al., 2003). Others enzymatically reduce U(VI) to U(IV), where the energy

of that reaction is not used in catabolism (Liu et al., 2002; Burgos et al., 2007). Of these taxa,

the species Shewanella putrefaciens presents an intriguing dichotomy, where some strains

are capable of metabolic U(VI) reduction (Jr & Dichristina, 2000; Dale & Dichristina, 2006),

while others can only do the enzymatic version(Brooks et al., 2003; Burgos et al., 2007).

Two of the most studied strains are 200 (metabolic reduction) and CN32 (enzymatic).

Critical initial measurements of U(VI) adsorption onto CN32 were made by Haas et al.

(2001), where the effects of ionic strength were also taken into account. Missing from that

work, however, is a quantification of the effects of divalent cations on U(VI) adsorption as

well as the application of site concentrations measured at experimental ionic strengths. In

light of Wray & Gorman-Lewis (2022), the CN32 cell envelope may be more sensitive to

ionic strength variations than previously thought, especially at higher concentrations than

investigated by Haas et al. (2001). For these reasons the interaction between U(VI) and the

CN32 cell envelope needs to be rexamined.

Wray & Gorman-Lewis (2022) also suggests that the surface reactivity of CN32 changes

with goechemical conditions. It is likely, then, that the chemical reactions occurring on its

surface in the presence of U(VI) also vary, especially given the diverse and varied valancies

of U(VI) complexation products. Surface complexation models (SCMs), are an excellent

tool to investigate U(VI) interactions on bacterial surfaces because they quantify adsorp-

tion based on balanced chemical equations and take into account aqueous speciation.

To help address these shortcomings in the literature, we quantified the effects of U(VI)

presence on CN32 surface reactivity in concert with four variables: ionic strength, pH, the

co-presence of two divalent cations (Ca2+ and Mg2+), and the presence of dissolved CO2.
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Additionally, we used SCMs to infer the specific reactions involved in that adsorption,

wherein we identified which uranyl species are adsorbing to which functional groups and

quantified the stability constants for those reactions. In sum, this work provides new in-

sights into the nature of surface complexation of an important radionuclide onto a common

subsurface bacterium.
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3.2 Materials and Methods

3.2.1 Cell preparation

CN32 was grown using procedures similar to previous work with that strain (Sokolov

et al., 2001; Smith & Ferris, 2003). 5 mL volumes of 30 g/L trypticase soy broth (TSB) were

inoculated from cultures of CN32 maintained on a TSB-yeast extract agar. Cultures were

grown on an orbital shaker at 120 rpm and 30◦C for 24 hours (±4 h). The 5 mL cultures

were then used to inoculate larger volumes of TSB, with an inoculation percent of 0.5 %.

Cells were harvested during late exponential phase, which was reached after 24 hours (±2

h) of growth.

The biomass was isolated by centrifugation at 5, 000 g for 15 minutes. The resulting

pellet was washed in a sodium perchlorate solution at either 0.01, 0.1, or 0.5 M by vortex-

ing, centrifuging at 6, 552 g for 2 – 4 minutes, and discarding the supernatant. Cells were

washed three times, then centrifuged at 6, 552 g for two consecutive 30 minute periods.

After each 30 min period, any remaining supernatant was removed. Cells were stored at

4◦C and used within 24 hours.

3.2.2 Experimental suspensions

Seven experimental solutions of NaClO4 were used, in equilibrium with atmospheric CO2

(10−3.5 bar). In total, one 0.01 M solution and three each of 0.1 M and 0.5 M were pre-

pared. A pair of one 0.1 M solution and one 0.5 M solution was then amended with 10 mM

CaClO4. Another pair of the same ionic strengths was amended with 10 mM Mg(NO3)2.

The remaining three solutions (one of each ionic strength) were left unaltered (no Ca2+ or

Mg2+). U(VI) from an ICP standard was then added to all seven solutions at 10 µM.

All solutions were adjusted to ca. pH 7 to ensure that cellular membrane integrity was

maintained initially. The washed cells were suspended in each solution by vortexing, such

that the final concentration of biomass was 0.1 g/L (wet weight). All solutions were pre-
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pared and kept in teflon bottles to prevent loss of U during preparation.

3.2.3 Adsorption experiments

To prepare adsorption samples, the total volume of suspended cells was divided into two

aliquots. One aliquot was titrated to ca. pH 10 and the other was titrated to ca. pH 3, using

NaOH and HClO4, respectively. 10 mL samples were taken from each aliquot at intervals

of one half pH unit, and were placed in air-tight teflon containers. Those samples were

then agitated for 1 hour by placing them on a shaker plate set at 160 rpm. The final pH of

each was then measured. The cells were then removed from solution by centrifuging the

samples at 10,000 g for 10 minutes. 5 mL of the resulting supernatant was then sampled,

acidified with 5 µL of 70% HNO3, and stored at 4◦C.

The concentration of U(VI) in the supernatant was measured spectrophotometrically,

using arsenazo III as the absorbing ligand. Standards were prepared gravimetrically with

the same ICP standard and matrix matched to the samples. Aliquots of both standards

and samples were measured gravimetrically and dried on a hot plate and allowed to cool.

Each was then brought up in 1.25 mL 3 M HNO3, followed by 188 µL of 1 M sulfamic

acid, 418 µL of 0.6 % arsenazo III (w/w), and 644 µL 3 M HNO3 (see Dubey et al. (1999)).

Samples were measured on a Cary UV-Vis Spectrophotometer, scanning from 700 to 600

nm. From the resultant function, a linear regression of the peak-minus-valley values for

the first derivatives of each standard was used to calculate the concentrations of U(VI) in

each sample.

3.2.4 Complexation modeling

Surface complexation reactions were fit to the data from low to high pH. We began with

a single reaction and added reactions as necessary to improve the fit of the model to the

data. Aqueous speciation reactions were used to determine the dominant uranyl species in

each pH region. Uranyl species considered in the modeling are summarized in Table 3.1.
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Log(K) values for each species were adjusted to the ionic strength of the experiment using

the Davies equation. That species was then applied to the surface complexation reaction,

where it was assumed that interactions only occurred between a uranyl species and a de-

protonated functional group on the cell envelope. For a given pH region, adsorptive sites

were selected that were predominantly deprotonated. For pH regions where a poor fit to

the data remained, multidentate reactions were included, based on the sites most depro-

tonated in that region. Surface complexation modeling was performed in Octave (Eaton

et al., 2021). System speciation was calculated using a Newton Rhapson algorithm modi-

fied from Maeder & Neuhold (2007). Conditional stability constants were optimized using

a Levenberg-Marquardt algorithm for non-linear least squares curve-fitting (Gavin, 2019).

Table 3.1: Uranyl species considered in the SCM, along with log(K) values. Obtained from
Guillaumont et al. (2003).

U(VI) Species log(K)

H2O + UO2+
2 ↔ H+ + UO2OH+ -5.25

2H2O + UO2+
2 ↔ 2H+ + UO2(OH)2 -12.15

3H2O + UO2+
2 ↔ 3H+ + UO2(OH)−3 -20.25

4H2O + UO2+
2 ↔ 4H+ + UO2(OH)2−

4 -32.40

H2O + 2UO2+
2 ↔ H+ + (UO2)2OH3+ -2.70

2H2O + 2UO2+
2 ↔ 2H+ + (UO2)2(OH)2+

2 -5.62

3H2O + 2UO2+
2 ↔ 3H+ + (UO2)3(OH)+5 -15.55

7H2O + 3UO2+
2 ↔ 7H+ + (UO2)3(OH)−7 -32.20

7H2O + 3UO2+
2 ↔ 7H+ + (UO2)4(OH)+7 -21.90

2H2O + 2UO2+
2 ↔ 2H+ + (UO2)3(OH)2+

4 -11.90

CO2−
3 + UO2+

2 ↔ UO2CO3 9.94

2CO2−
3 + UO2+

2 ↔ UO2(CO3)2−
2 16.61

3CO2−
3 + UO2+

2 ↔ UO2(CO3)4−
3 21.84

6CO2−
3 + 3UO2+

2 ↔ (UO2)3(CO3)6−
6 54.00

CO2(g) + 4H2O + 2UO2+
2 ↔ 5H+ + (UO2)2CO3(OH)−3 -19.01

CO2(g) + 4H2O + 3UO2+
2 ↔ 5H+ + (UO2)3CO3(OH)+3 -17.50

6CO2(g) + 18H2O + 11UO2+
2 ↔ 5H+ + (UO2)11(CO3)6(OH)2−

12 -72.50
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3.3 Results

3.3.1 Adsorption results

Figure 3.3 illustrates U(VI) adsorption over the pH range and ionic strengths examined.

For clarity, the 0.01, 0.1, and 0.5 M experiments will be referred to as low, medium, and high

ionic strength systems. From pH 3 – 6, adsorption at all three ionic strengths increased,

from 20 – 40% to 60 – 80%. Above pH 6, adsorption in the medium ionic strength system

decreased rapidly, with adsorption lowering to ca. 50 % at pH 7 and 40% at pH 9. In the

low and high ionic strength systems, adsorption was maintained from pH 6 – 7.5 and then

decreased with increasing pH. At pH 9, adsorption was approximately 50% in the low

ionic strength system and 20% in the high ionic strength system.

Adsorption of U(VI) with Ca2+ co-present, in the medium and high ionic strength sys-

tems, is shown in Figures 3.8 and 3.9. The overall trends are similar to U(VI) adsorption

without Ca2+, where adsorption increases from approximately 20 – 40% to 60 – 80% from

pH 3 to 6. In both the medium and high ionic strength systems, however, adsorption de-

creases above pH 6, to between 5% and 30% at pH 9. Over a majority of the pH range,

adsorption in the high ionic strength system is slightly higher than in the medium ionic

strength system. That increase in adsorption is maximized at circumneutral pH where

about 30% additional U(VI) is adsorbed.

Figures 3.10 and 3.11 show U(VI) adsorption data with Mg2+ co-present. Similar to the

other conditions, adsorption increases from pH 3 to 6, from approximately 20 – 40% to 60

– 85%. However, for both medium and high ionic strength systems, adsorption is main-

tained between pH 6 and 7. Above pH 7, adsorption decreases slightly, with a minimum

of about 55% at ca. pH 9 for the medium ionic strength system and 35% in the high ionic

strength system. The medium and high ionic strength system data are very similar below

pH 6, above which the high system generally yields about about 10% greater adsorption.
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3.3.2 SCM results

Table 3.2 summarizes the complexation reactions necessary to describe observed reactivity.

Those reactions are also illustrated in Figures 3.5 – 3.7. For all ionic strengths, below pH 5,

speciation is dominated by the free uranyl ion and site 1 (L1) is the predominant deproto-

nated surface site. In the low ionic strength system, free uranyl ion complexation with L1

underpredicted adsorption below pH 4 and reasonably predicted adsorption between pH

4 and 5, as shown in Figure 3.3. At the higher ionic strengths, adsorption was underpre-

dicted up to pH 5 (medium ionic strength) and pH 5.5 (high ionic strength). To represent

adsorption below pH 4, uranyl complexation with protonated L3 allowed for the predic-

tion of a relatively constant extent of adsorption as shown in Figure 3.4. In each system,

between pH 5.5 and 6.5, (UO2)3(OH)+5 is dominant and L1 is still the predominant depro-

tonated site. In the low and medium systems, complexation between L1 and (UO2)3(OH)+5

represented adsorption. In the high system, however, a bidentate complexation reaction

involving two L2 sites and (UO2)2CO3(OH)−3 was necessary to represent observed adsorp-

tion up to pH 8.5. In the low and medium ionic strength systems, a reaction with surface

sites L2 and L3 complexing UO2(CO3)−4
3 in a bidentate form best represented adsorption.

In the high ionic strength system, however, adsorption was predicted with the complex-

ation of L1 with UO2(CO3)−4
3 . Stability constants in Tables 3.2 and 3.3 illustrate that the

presence or absence of a uranyl ion complexing onto a protonated L3 has no significant

impact on the reactions in surface complexation model that control adsorption above pH

4.

Despite similarities in the adsorption data between the low and high ionic strength sys-

tems, application of the same surface complexation reactions to both failed to adequately

describe adsorption. The addition of (UO2)3(OH)+5 complexation in the high ionic strength

system over-predicted adsorption between pH 5 and 6. In the low ionic strength system,

a monodentate reaction with L1 in place of the bidentate complexation of UO2(CO3)−4
3

resulted in an under prediction of adsorption above pH 8.
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Figure 3.3: Model adsorption predictions with biomass concentrations of 0.1 g/L at each
ionic strength.

Figure 3.4: Model adsorption predictions, including adsorption onto HL3, with biomass
concentrations of 0.1 g/L at each ionic strength.
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Figure 3.5: Model adsorption predictions with biomass concentrations of 0.1 g/L in the
low ionic strength system.

Figure 3.6: Model adsorption predictions with biomass concentrations of 0.1 g/L in the
medium ionic strength system.



59

Figure 3.7: Model adsorption predictions with biomass concentrations of 0.1 g/L in the
high ionic strength system.

To test the ability of the SCMs to predict uranyl adsorption in the presence of Ca2+

and Mg2+, we predicted adsorption using the SCMs in Table 3.3 under the experimental

conditions with Ca2+ and Mg2+ present. Below pH 5, the free uranyl ion is predomi-

nant and Reactions 0 and 1 in Table 3.3 are responsible for adsorption in the Ca2+- and

Mg2+-free systems. In the Ca2+ system, at medium ionic strength, the model substantially

over-predicts adsorption from pH 3 – 5 (see Figure 3.8). In contrast, at high ionic strength,

adsorption is well predicted over that pH range (Figure 3.9). From pH 5 – 7, (UO2)3(OH)+5

and (UO2)2CO3(OH)−3 are the dominant uranyl species at both medium and high ionic

strength and Reactions 2 and 3 in Table 3.3 are primarily responsible for adsorption in this

pH range. At medium ionic strength, the SCM both over-predicts (pH 5 – 6) and under-

predicts (pH 6.5 – 7) adsorption, with adsorption well predicted between pH 6 and 6.5. The

SCM at high ionic strength slightly under-predicts adsorption over that pH range. From

pH 7 – 9, the Ca-complexation product Ca2UO2(CO3)3 is dominant, with additionally high

concentrations of UO2(CO3)4−
3 . The SCM only takes surface interactions with UO2(CO3)4−

3

into account according to Reactions 4 and 5 in Table 3.3. At medium ionic strength, ad-
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sorption is not well predicted with both under- and over-prediction occurring between pH

7 and 9. In the high ionic strength system, the SCM slightly over-predicts adsorption from

pH 7 to 9 and accurately predicts adsorption above pH 9.

Figure 3.8: U adsorption in the presence of 10 mM Ca, at medium ionic strength, with
model adsorption predictions with biomass concentrations of 0.1 g/L (blue curves).
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Figure 3.9: U adsorption in the presence of 10 mM Ca, at high ionic strength, with model
adsorption predictions with biomass concentrations of 0.1 g/L (black curves).

For the Mg2+-amended system, the SCM predicts adsorption better than for the Ca2+-

amended system. Below pH 5, adsorption in both the medium and high ionic strength sys-

tems is reasonably predicted (Figures 3.10 and 3.11). From pH 5 – 7, where (UO2)3(OH)+5

and (UO2)2CO3(OH)−3 are the dominant uranyl species, the SCM at medium ionic strength

again both over-predicts (pH 5 – 6) and under-predicts (pH 6.5 – 7) adsorption, with

adsorption well predicted between pH 6 and 6.5. At high ionic strength, some under-

prediction is observed up to pH 7. Above pH 7 in the medium ionic strength system,

MgUO2(CO3)2−
3 is the dominant species, with high concentrations of UO2(CO3)4−

3 also

present. The MgUO2(CO3)2−
3 species is not included as a surface complex in the SCM

and there is substantial under-prediction of adsorption in the medium ionic strength sys-

tem. In the high ionic strength system, the uranyl speciation is different than the medium

ionic strength system, with UO2(CO3)4−
3 becoming dominant. Generally adsorption is well

predicted above pH 7 in the high ionic strength system.



62

Figure 3.10: U adsorption in the presence of 10 mM Mg, at medium ionic strength, with
model adsorption predictions with biomass concentrations of 0.1 g/L (blue curves).

Figure 3.11: U adsorption in the presence of 10 mM Mg, at high ionic strength, with model
adsorption predictions with biomass concentrations of 0.1 g/L (black curves).
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3.4 Discussion

3.4.1 Low pH Adsorption

The extent of adsorption occurring between pH 3 and 4 is unusual compared to other di-

valent cations like Cd2+ and Pb2+. This is demonstrated with the application of SCMs un-

der similar conditions as our experiments. For the gram-negative bacterium Pseudomonas

putida, surface complexation modeling between pH 3 and 4 predicts less than 10% adsorp-

tion for Pb2+ and less than 5% adsorption for Cd2+ (Borrok & Fein, 2005). This is far less

than the 20 – 40% observed here for uranyl adsorption over that pH range. We can also

compare these predictions to an SCM for uranyl adsorption onto Shewanella oneidensis MR-

1 (Sheng & Fein, 2013a). That model predicts very high adsorption (80 – 90%) between

pH 3 and 4, under similar conditions to our experiments. This unusual uranyl adsorption

behavior is also evident for the gram-positive bacterium Bacillus subtilis (Fowle et al., 2000;

Gorman-Lewis et al., 2005a).

It is clear the reactivity of the uranyl ion at low pH with microbial surfaces is unique

compared to other divalent cations. Describing this unique behaviour with SCMs is pos-

sible despite a lacking a complete understanding of the complexation mechanism. For

example, Sheng & Fein (2013a) used a protonation model for S. oneidensis MR-1 that pos-

sessed a surface site with a relatively low log(K) (3.3). Consequently, the deprotonated

site concentrations of this low acidity constant site were sufficient to represent the unusual

adsorption behavior observed. This contrasts with the protonation behavior of CN32. Sev-

eral studies that have measured CN32 surface reactivity and have not identified a site with

a low log(K) value comparable to S. oneidensis MR-1 (Haas et al., 2001; Sokolov et al., 2001;

Smith & Ferris, 2003; Wray & Gorman-Lewis, 2022). Still, measurements in this work and

by Haas et al. (2001) show elevated adsorption below pH 4. This suggests that there is a

site with a low log(K) value, that cannot be resolved through potentiometric titrations, and

is thus likely present at very low concentration. To explain the magnitude of adsorption

observed in concert with such a low concentration, that site likely has a high affinity for
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uranyl ions. In the absence of a thermodynamic description of that site, we can represent

its contribution to observed adsorption with reactions onto the predominant protonated

site at that pH range, HL3.

3.4.2 Carbonate Complexation and Ionic Strength Impacts

The uranyl ion forms extremely stable, soluble neutral and negatively charged complexes

with carbonate above pH 6 (Panias & Krestou, 2015). This carbonate complexation influ-

ences uranyl mobility under oxidizing circumneutral pH conditions by potentially limiting

interactions with charged surfaces. For mineral surfaces, we can describe potential inter-

actions with the zero point charge (ZPC), where a mineral is positively charged below

its ZPC and negatively charged above it. The negatively charged uranyl carbonate com-

plexes, therefore, can be predicted to interact strongly with the surface below a given ZPC,

but electrostatics predicts that there should not be interaction above it. This is supported

by the literature, where measurements of adsorbed U(VI) drop off dramatically at high pH

(Coutelot et al., 2018; Tournassat et al., 2018; Mei et al., 2020). Microbial surface interactions

with uranyl carbonates are theoretically more limited as microbial surfaces are uniformly

negatively charged over physiological pH ranges (Wilson et al., 2001). However, uranyl

complexation on bacterial surfaces, at pH values where negatively charged uranyl carbon-

ates are dominant, has been repeatedly observed (Fowle et al., 2000; Haas et al., 2001; Sar

& D’Souza, 2001; Gorman-Lewis et al., 2005a; Sheng & Fein, 2013b)

In this work, as expected, the presence of CO2 decreased adsorption above ca. pH 6.

Still, the relatively high amounts of adsorption observed above pH 6 are surprising given

the negative charge on the cell surface and the anionic uranyl complexes that form un-

der atmospheric conditions at high pH (see Figure 3.1). Ternary reactions where a Na+

ion bridges the negatively charged surface and complex may explain these results. Pre-

vious work has observed such reactions to explain high radionuclide adsorption at high

pH (Wainipee et al., 2013; Kenney et al., 2017b). Our results are notably exaggerated in
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this manner, with adsorption above 40% observed at ca. pH 9 (previous data on other She-

wanella strains have a maximum adsorption closer to 10% at that pH range, see Haas et al.

(2001)).

Overall, it appears that ionic strength has a significant, but varied effect on CN32 sur-

face reactivity in concert with U presence. Above pH 6, the adsorption in the low and

high ionic strength systems were more similar to each other than that in the medium ionic

strength system. This may be the result of two forces: an expansion of the electric double

layer at low ionic strength (Brown & Zhao, 1995), and increased Na+ bridging at high ionic

strength (Barnie et al., 2018).

The electric double layer, which defines reactive potential and thus ability to adsorb

uranyl species, for any compound scales inversely with ionic strength (Langmuir, 1997).

As the concentration of ions in solution increases, the double layer is repressed, and cannot

extend as far into solution. An increase in the adsorptive potential on CN32 at low ionic

strength is consistent with an extended double layer. The fact that this was not observed

across the entire pH range suggests that the affinity of sites reacting at lower pH is greater

than those at higher pH.

At high ionic strength, we would expect adsorption to decrease, as the double layer is

limited. However, as ionic strength increases the concentration of positively charge ions in

solution also increases. This has the potential to facilitate increased cationic bridging be-

tween the surface and uranyl species. An increase in adsorption, then, would be expected

if the dominant uranyl species is negatively charged, as cationic bridging should not play

a large role in adsorption if the surface and uranyl species are oppositely charged. This

is true at high pH, where the aforementioned uranyl carbonates are dominant. Our data

are consistent with this, where the high ionic strength system correlates with increased

adsorption above ca. pH 6. Moreover, as shown in Figure 3.7, the primary reactions that

accurately predict observed adsorption involve (UO2)2CO3(OH)−3 and UO2(CO3)4−
3 . This

effect, however, must also be taken in concert with the cation amendment experiments,
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where adsorption was decreased by the addition of Ca2+.

3.4.3 Divalent Cation Effects

The observed impacts of Ca2+ and Mg2+ may reflect differential effects of LPS packing. It

has recently become well established that divalent cations can impart significant changes

to cell surface reactivity (Silhavy et al., 2010; Simpson & Trent, 2019; Rahnamoun et al.,

2020). The comparative effects of two ions on the same cell surface has not been examined

in detail. These data suggest that that impact may not be uniform, where divalent cations

of larger atomic radii may have substantially different effects than smaller ions.

The relative adhesion of Ca2+ versus Mg2+ to the cell wall may also explain the contrast

between U adsorption in systems amended with those ions. The uptake of metals onto

the cell wall is known to vary, and, critically, microbial surfaces have a higher affinity for

Mg2+ than Ca2+ (Beveridge & Murray, 1976; Beveridge & Koval, 1981). Consequently,

Mg2+ should have a greater impact on surface reactivity than Ca2+. For U adsorption,

then, Mg2+ may be better able to serve as an ionic bridge between the bacterial surface and

negatively charge uranyl carbonate complexes. So, a greater number of bridges are formed

with Mg2+ present than with Ca2+. Our data in the medium ionic strength system are

consistent with this, where Mg2+ presence yielded a substantial increase in U adsorption

relative to predictions, while Ca2+ did not. Also in the medium ionic strength system,

Ca2+ presence correlated to a decrease in U adsorption at low pH, while Mg2+ did not.

This contrast may be due to differential impacts of Ca2+ and Mg2+ on determining the

stability of the outer membrane. It has recently been demonstrated that Ca2+ presence

yields more a symmetric LPS structure by binding to the core of the rough mutant LPS

(Clifton et al., 2015). Moreover, there is some evidence that the symmetry of the LPS affects

surficial interactions between the microbe and its environment (Lundstedt et al., 2021).

This suggests that the presence of Ca2+ may, to some degree, alter the adsorptive potential

of CN32 by increasing the symmetry of the outer membrane. As pH increases, the cationic
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bridging between Ca2+ and uranyl-carbonates (which is present, just less so than for Mg2+)

may explain why that decrease in adsorption is lost.

In the high ionic strength system, both impacts from Ca2+ and Mg2+ presence dis-

cussed above are lost. This is most readily explained by the reduction in ionic activity with

increased ionic strength. In addition, the much higher concentration of Na+ ions (500 mM

versus 10 mM for Ca2+ and Mg2+) may mean that adsorption is primarily governed by

Na+-based bridging at high ionic strength. Our data seem to be consistent with this, as

adsorption in all three high ionic strength systems (no added cations, and Ca2+/Mg2+-

amended) exhibit similar adsorption across the pH range examined.
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3.5 Conclusions

The application of SCMs to describe CN32 surface complexation with U(VI) as a func-

tion of four environmentally relevant variables (pH, ionic strength, CO2, and co-present

cations) provides new insights into the reactivity of that bacterium. Taken in concert with

site-specific stability constants and concentrations identified by Wray & Gorman-Lewis

(2022), this further allowed for the elucidation of potential complexation reactions to ex-

plain observed U(VI) adsorption. Those data indicate a marked increase in adsorptivity

at low and high ionic strength, likely explained by a repressed double layer and increased

cationic bridging. Na+-based bridging between the negatively charged surface and neg-

atively charged uranyl carbonate complexes above pH 6 also explains the maintenance

of relatively large amounts of adsorption at high pH. Lastly, the countervailing effects of

two divalent cations, Mg2+ and Ca2+, is explained by the differential interactions those

ions have with the cell surface. In sum, this work advances our understanding of surficial

interactions between a common groundwater bacterium and a widespread radionuclide,

with relevance to environmental habitability.
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Chapter 4

BIOENERGETICS OF AEROBIC AND ANAEROBIC GROWTH OF
SHEWANELLA PUTREFACIENS CN32

Co-authored by Addien C. Wray and Drew Gorman-Lewis

Abstract

The utilization of chemical energy in catabolism and the conversion of that energy into new

biomass via anabolism underpins observed life. Identifying the presence of habitable con-

ditions, and defining the magnitude of that habitability, is thus predicated on a thorough

understanding of energetic needs of microbial life. In this work, we examined the bioen-

ergetics of O2 and Fe(III) reduction coupled to lactate oxidation in Shewanella putrefaciens

CN32. Bioenergetics were measured directly via isothermal calorimetry and by changes

to the chemically defined growth medium. We performed these measurements from 25 to

36◦C. Describing metabolism with macrochemical equations allowed us to determined the

thermodynamic growth efficiency of CN32. Aerobic growth efficiency (energy normalized

to C-mole of biomass produced) was maximized at 30°C, minimized at 25◦C, and pro-

gressively decreased above 30◦C. Fe(III)-based growth efficiency was insensitive to tem-

perature at 30◦C and below. These results suggest that temperature effects on CN32 are

metabolism-dependent, where more energy was needed for non-growth reactions under

aerobic conditions at decreased temperatures than for anaerobic growth. This is intriguing

given the substantially greater potential energy by using O2 as an electron acceptor rather

than Fe(III). Standard state predictions of growth grossly overestimated Gibbs energy re-

quirements and better predicted the partitioning of Gibbs energy as growth enthalpy. By

quantifying the growth requirements of CN32, we have advanced our understanding of

the thermodynamic constraints of a metabolically multifaceted microorganism. Ultimately,
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this work demonstrates that the rigorous evaluation of habitability requires a suite of mea-

surements rather than theoretical calculations based on specific electron donors and accep-

tors alone.
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4.1 Introduction

Microbial metabolisms play a key role in establishing the geochemistry of groundwater

systems (Flynn et al., 2013; Maamar et al., 2015; Mansuy, 2018). To best predict potential

interactions between microbes and their geochemical environment in a given system, it is

necessary to consider the bioenergetics involved (Heijnen & Kleerebezem, 2010; Smeaton &

Van Cappellen, 2018; Cook et al., 2021; Hart & Gorman-Lewis, 2021; Paquete et al., 2021).

Microbial bioenergetics is primarily based on the redox reactions performed during the

catabolic cycle (Heijnen & Kleerebezem, 2010). This allows us to describe geochemical sys-

tems in terms of potential available chemical energy, based on available electron donors

and acceptors (Hoehler, 2004; Ray et al., 2021). For example, in a system with available or-

ganic carbon, potential free energy for heterotrophic growth is maximized when oxidation

of that organic carbon is coupled to O2 reduction. In the absence of sufficient O2, other

potential electron acceptors, such as Fe(III), become metabolically relevant. Similarly, in

anoxic and dysoxic systems, a variety of redox couples are important, where maximum

available energy depends on available redox couples. Taken together, in addition to free

energy sources like O2, other metabolically-available gases (e.g., CO2) and both colloidal

and dissolved minerals are metabolically relevant when considering the entire subsurface

environment. As a result, highly diverse microbial communities and taxa that are able to

metabolize a variety of available energy sources play a large role in establishing subsurface

redox conditions (Borch et al., 2010; Sang et al., 2018).

The facultative anaerobic bacterium Shewanella putrefaciens is widely considered a model

dissimilatory metal-reducing bacterium (DMRB), as it can obtain energy for growth on a

variety of metals (Lovley, 1993; Liu et al., 2002; Brooks et al., 2003; Yang et al., 2014). S. pu-

trefaciens is unique among most DMRB’s because it is also able to grow aerobically, making

it relevant to both oxic and anaerobic systems (Nealson & Moser, 1996). To date, how-

ever, little research has compared its aerobic and anaerobic growth strategies. This is an

important gap in the literature, as the metabolic plasticity exhibited by S. putrefaciens is
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relevant to the impact it may have on metals in the subsurface. Specifically, it allows the

organism to maintain its growth even if metal concentrations fluctuate, potentially result-

ing in varied redox conditions, which would affect other microbial metabolisms and thus

the geochemical state of the system as a whole.

The growth of a variety of S. putrefaciens strains and metabolisms have been partially in-

vestigated stoichiometrically. However, little work has sought to verify theoretical catabolic

stoichiometry with more detailed measurements of changes to growth media. For exam-

ple, Kostka et al. (1995) first identified strain MR-1 as a catalyst for Mn(III) reduction, but

only measured the relative changes in electron donors and acceptors. Similar analysis was

done by Philips et al. (2018) for Fe(0) oxidation by strain 4t3-1-2LB. The stoichiometry of

Fe(II) mineral products from Fe(III) reduction-based enzymatic activity by strain CN32 has

also been invstigated (Kukkadapu et al., 2005). Growth-based Fe(III) reduction in strains

W3-18-1 and CN32 were also investigated by Cossio Salas et al. (2009) and O’Loughlin

et al. (2019) respectively, where stoichiometric ratios of electron donors, Fe(II), and in the

case of Cossio Salas et al. (2009), carbon sources, were measured. In order to use measure-

ments of redox species to constraint the catabolic reaction, each potential chemical species

involved in that reaction, such as H+ and the oxidized form of the electron donor, need

to be measured. This more exhaustive approach has not been taken with S. putrefaciens.

Moreover, to the authors’ best knowledge, measurements pertaining to the stoichiometry

of aerobic growth by S. putrefaciens have not been made. To fully understand the impact a

microbe may have on its environment, observations of growth stoichiometries are neces-

sary. The lack of these data and reliance on theoretical catabolic reactions is a crucial gap

in the literature and must be addressed to accurately assess the impact S. putrefaciens may

have on in situ geochemical conditions throughout the subsurface.

Accurate descriptions of growth stoichiometry are also necessary to constrain the bioen-

ergetics of growth. We can represent growth with simplified chemical equations to repre-

sent catabolism and anabolism. Those equations can be used to calculate the thermodyna-
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mic potential during growth (∆G) in a system of interest. By measuring changes to growth

media, we can make this calculation before and after growth to quantify the Gibbs energy

consumed. This Gibbs energy consumption characterizes geochemical impacts on the en-

vironment and provides the mean to assess the potential of growth based on geochemical

conditions.

∆G = ∆H − T∆S (4.1)

Calorimetric measurements of growth are needed in addition to calculations of Gibbs

energy consumption for a complete thermodynamic description of the metabolic process.

Equation 5.2 describes the relative driving forces behind Gibbs energy consumption (i.e.,

enthalpy (∆H) versus entropy (∆S)), where T is absolute temperature. Specifically, this

approach allows us to determine if the Gibbs energy is dissipated primarily as enthalpy

or as entropy. This combined analysis of ∆G and ∆H has only rarely been applied (von

Stockar et al., 1993; Schill et al., 1999; von Stockar et al., 2006; Hart & Gorman-Lewis, 2021),

but yields a more nuanced description of the overall energetics involved in growth. It has

not been applied to any S. putrefaciens strain and is an important gap in our understanding

of the growth of that microbe.

Clearly, a complete understanding of S. putrefaciens biology and its impacts on sub-

surface geochemistry needs to include a stoichiometric and thermodynamic description

of both its aerobic and anaerobic growth. In this study, we examined the bioenergetics of

lactate oxidation coupled to O2 and Fe(III) reduction. The bioenergetics were measured

directly via isothermal calorimetry and through measured changes in a chemically defined

growth medium. In addition, by repeating these measurements over a range of tempera-

tures (25-36◦C), we were able to infer how S. putrefaciens allocates its energy under a range

of environmental conditions. In all, by quantifying both aerobic and anaerobic growth

requirements of S. putrefaciens, this study advances our understanding of an important

regulator of groundwater geochemistry.
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4.2 Materials and Methods

4.2.1 Culture preparation

S. putrefaciens strain CN32 was maintained aerobically and anaerobically on a defined

growth medium (Myers & Nealson, 1988; Belli et al., 2015) at 30◦C. Aerobic cultures were

grown with approximately 10 mM sodium lactate on an orbital shaker. Anaerobic cul-

tures were grown with approximately 15 mM sodium lactate and 30 mM ferric citrate,

in borosilicate glass tubes sealed with butyl rubber septum type stoppers and aluminun

sealing rings. The anaerobic chamber was maintained with an N2:H2 atmosphere (98:2).

Cultures were maintained with an initial cell density of 8×105 (± 2×105) cells per mL, and

were grown to late exponential phase. Slides for cell counts were prepared using What-

man 0.2-µm filter membrane with SYBR Green I dye following the procedure of Lunau

et al. (2005) and with appropriate filters on a Zeiss Axiostar Plus Microscope.

4.2.2 Calorimetric analysis

Calorimetric measurements were made by growing 3 mL cultures of CN32 in 4.22 mL

glass vials, sealed with butyl rubber septa and aluminum sealing rings, in a TAM III

nanocalorimeter that measures heat flux between a reaction and reference vessel as a func-

tion of time (Johansson & Wadsö, 1999; Goldberg & Wadsö, 2001). Calorimetric response

was calibrated by electrical heating and verified by measuring protonation of TRIS at 25◦C

(Grenthe et al., 1970). Experiments were performed from 25 – 36◦C. The range of tempera-

tures included was based on reproducibility of biomass and heat yield.

Cultures were prepared on the same growth medium with an initial cell density of

5×105 (± 1×105) cells per mL and with limited electron acceptor (O2, Fe(III)) availabil-

ity. Aerobic cultures were were sealed under atmospheric conditions, yielding an initial

headspace with approximately 10 µmol O2. For the anaerobic cultures, initial concentra-

tions of sodium lactate and ferric citrate were 15 mM and 7 mM, respectively, and vials
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were sealed in the anaerobic chamber.

The total heat evolved during growth was measured by monitoring heat flux in the

calorimeter throughout the growth period, and the integrating under the resulting curve.

Calculation of microbial growth rate and duration of the exponential phase was performed

in R with the package grofit (Kahm et al., 2010) based on total heat evolution.

4.2.3 Overall growth reaction modeling

The systems investigated in this work related to growth of CN32 under controlled condi-

tions in reaction vials. From this point forward, we refer to changes in the reaction vials

as a result of microbial growth as “incubation” to recognize that abiotic or biotically in-

fluenced abiotic reactions will also occur. Simplified macrochemical equations to repre-

sent cell growth were used according to Heijnen & Kleerebezem (2010). Those equations

are based on the production of one carbon-mole of generic biomass, according to the for-

mula CH1.8O0.5N0.2 (Heijnen & Kleerebezem, 2010; Calabrese et al., 2021). The anabolic

and catabolic components of the growth reaction were represented according to Equations

5.3 and 5.4. The coefficients for the anabolic and catabolic reactions were determined by

solving a series of linear equations to satisfy balances of mass and charge.

Yan = a · e−donor + b · Nsource + c · H+ + d · H2O

+ e · CO2 + f · oxidizede−donor + CH1.8O0.5N0.2 (4.2)

Ycat = g · e−donor + h · e−acceptor + i · oxidizede−donor + j · reducede−acceptor (4.3)

To produce sufficient energy to drive anabolism, the catabolic reaction needs to be per-

formed multiple times. That relationship defines the catabolic multiplicative factor neces-

sary to produce one C-mol of biomass, fcat, as described in Equation 5.5
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fcat =
−1

YX/D
+ Yan

D (4.4)

where YX/D is the C-mol biomass produced per mol of e−donor consumed and Yan
D is the

anabolic coefficient of the e−donor.

From Equations 5.3 – 5.5 we can calculate the coefficients for the overall growth reaction

(OGR) with Equation 5.6:

YOGR = Yan + fcat · Ycat (4.5)

4.2.4 Gibbs energy of incubation

The Gibbs energy change during incubation was calculated for each experiment before and

after growth based on activities of all the chemical species in the overall growth reaction.

Measurements of pH and O2 were made with an Orion 8103BN Ross semi-micro com-

bination pH electrode and a Unisense OX-NP-006340 Clark-type oxygen microelectrode,

respectively. Fe(III) was measured with the ferrozine method (Viollier et al., 2000) under

anaerobic conditions. Standard states for this work at all temperatures and pressures are

unit activity of the pure solvent, unit activity of aqueous species in a hypothetical 1 molal

solution referenced to infinite dilution, unit activity of the pure minerals or other crys-

talline solids, and unit fugacity of a pure gas at 1 bar. The standard state Gibbs energies

of formation (∆G◦
f ) for the chemical species in the growth reaction were calculated at the

experiment temperature with the revised Helgeson-Kirkham-Flowers (HKF) equations of

state (Helgeson et al., 1978, 1981; Tanger & Helgeson, 1988) using SUPCRT92 (Shock et al.,

1989; Johnson et al., 1992). For biomass, ∆G◦
f = −67 kJ/mol was used for all growth ex-

periments (Heijnen & van Dijken, 1992). The standard state Gibbs energies of reactions

(∆G◦
r ) of the overall growth reaction determined for each experiment were calculated us-

ing Equation 5.7, where ∆G◦
f ,products and G◦

f ,reactants are the standard state Gibbs energies of

formation for the products and reactants of the growth reaction, respectively, and Yogr
i is
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the stoichiometric coefficient of the ith chemical species in the overall growth reaction.

∆G◦
r = ∑(∆G◦

f ,products × Yogr
i )− ∑(∆G◦

f ,reactants × Yogr
i ) (4.6)

The change in Gibbs energy of a given chemical reaction represents the Gibbs energy

potentially available for microbial growth. This is defined by Equation 5.8, where ∆G◦
r is

modified with the concentration-dependent reaction quotient (Q), the universal gas con-

stant (R), and absolute temperature (T).

∆G = ∆G◦
r + 2.3026 × R × T × log(Q) (4.7)

Q was calculated according to Equation 5.9, where ai is the thermodynamic activity of the

ith chemical species in the overall growth reaction (r) and vi,r is the stoichiometric coeffi-

cient for that species.

Q = Πavi,r
i (4.8)

Activities of the aqueous species were calculated using PHREEQC (Parkhurst & Ap-

pelo, 1999). Activity of biomass in solution was converted from molality (C-mol/kg sol-

vent) assuming an activity coefficient of 1 (Tebes-Stevens et al., 1998; Xu et al., 1998; Parkhurst

& Appelo, 1999). Overall Gibbs energy change during incubation, ∆Ginc, for each exper-

iment was calculated with Equation 5.10 as the difference between initial ∆Gr available

(∆Gr,initial ), calculated from the initial chemical composition of the medium solution and

biomass, and final ∆Gr available (∆Gr, f inal ), calculated from the final chemical composition

of the medium solution and biomass.

∆Ginc = ∆Gr,initial − ∆Gr, f inal (4.9)



78

4.3 Results

4.3.1 Enthalpies of growth

For each condition, the total heat evolved was normalized to C-mol biomass produced

(Figure 4.1). For aerobic growth, ∆Hinc was significantly affected by temperature, at 95%

confidence. Specifically, it was least exothermic at 30◦C and was more exothermic at 25◦C

and 36◦C. ∆Hinc at 35◦C was not statistically distinguishable from ∆Hinc 30◦C or 36◦C.

Anaerobic growth was also significantly affected by temperature, but with a countervail-

ing trend. At 25, 27, and 30◦C ∆Hinc values for anaerobic growth were not statistically

different, at 95% confidence. ∆Hinc then increased above 30◦C, with statistically significant

increases at 33 and 35◦C, also at 95% confidence.
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Figure 4.1: Enthalpies of O2- and Fe(III)-based growth, normalized to C-mol biomass. Error
bars reflect standard deviation between replicate experiments.
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4.3.2 Gibbs energy consumption

The total amount of Gibbs energy consumed during incubation was also normalized to

C-mol biomass produced. Figure 4.2 illustrates similar trends to ∆Hinc, with a significant

impact of temperature for both aerobic and anaerobic growth at 95% confidence. ∆Ginc

for the aerobic data was least exergonic at 30◦C and most exergonic at 25◦C. In contrast to

the enthalpy data, ∆Ginc above 25◦C were not distinguishable. Anaerobic ∆Ginc, however,

demonstrated an identical trend and statistical significance with ∆Hinc.
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Figure 4.2: Overall Gibbs energy consumed for O2- and Fe(III)-based growth, normalized
to C-mol biomass. Error bars reflect standard deviation between replicate experiments.

4.3.3 Growth Efficiency

The fraction of ∆Ginc used by the anabolic reaction is illustrated in Figure 4.3 relative to

the catabolic ∆Ginc liberated. O2-based growth used between 9 and 54% of the catabolic

∆Ginc for anabolic reactions. That percent varied with temperature, where the anabolic

reaction consumed the most ∆Ginc at 30◦C and the least at 25◦C. In the anaerobic system,
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the anabolic reaction comprised less than 11% of catabolic ∆Ginc across the temperature

range examined. These trends can also be clearly viewed by considering the thermody-

namic efficiency of growth, defined as the ratio of the anabolic to catabolic ∆Ginc scaled

by fcat (Figure 4.4) (Calabrese et al., 2021). O2-based growth reaches peak thermodynamic

efficiency at 30◦C. An increase in thermodynamic efficiency with a decrease in temperature

is clear in the anaerobic system with growth at 30◦C and below more efficient than 33 and

35◦C.

25 27 30 33 35 36
Temperature ( C)

0

10

20

30

40

50

60

An
ab

ol
ic 

Fr
ac

tio
n 

of
 

G i
nc

O2 Growth
Fe(III) Growth

Figure 4.3: Anabolic component of the Gibbs energy consumed for O2- and Fe(III)-based
growth. Error bars reflect standard deviation between replicate experiments.
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Figure 4.4: Thermodynamic efficiency of growth as a function of temperature and electron
donor. Error bars reflect standard deviation between replicate experiments.

4.3.4 Growth stoichiometry

We determined catabolic reactions for each growth strategy based on Equation 5.4 and

constraints provided by changes to the growth media. As shown in Equations 4.10 and

4.11, the stoichiometric ratios of electron donor and acceptor differed between O2 and

Fe(III) growth. For aerobic growth, one mole of O2 is reduced per mole of lactate oxi-

dized. In Fe(III) growth, 1.33 moles of Fe(III) are reduced per mole lactate. For both growth

systems, lactate was partially oxidized and acetate/acetic acid was produced along with

CO2. The anabolic reaction, solved according to Equation 5.3, is the same for aerobic and

anaerobic growth since the electron acceptor is not involved in the reaction, as shown in

Equation 4.12. The reaction involved the conversion of lactate, ammonium, and protons

into biomass. The overall growth reactions, as determined with Equations 5.5 and 5.6, for

aerobic and anaerobic growth are shown in Equations 4.13 and 4.14, respectively. Those

reactions predict 0.74 moles of O2 to be reduced per mole lactate in the aerobic system,
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and 0.99 moles of Fe(III) per mole of lactate in the anaerobic system. The observed ratio of

O2:lactate in the experiments was 0.33 ±0.01. The ratio of Fe(III):lactate in the experiments

was 0.40 ±0.03. These are both much closer to the stoichiometry for the overall growth

reaction than the catabolic reaction alone.

C3H5O−
3 + O2 = C2H3O−

2 + CO2 + H2O (4.10)

C3H5O−
3 + 1.33Fe3+ + 0.33OH− = 1.33C2H4O2 + 1.33Fe2+ + 0.33CO2 (4.11)

0.35C3H5O−
3 + 0.2NH+

4 + 0.15H+ = CH1.8O0.5N0.2 + 0.45H2O + 0.05CO2 (4.12)

1.35C3H5O−
3 + O2 + 0.2NH+

4 + 0.15H+ =

CH1.8O0.5N0.2 + C2H3O−
2 + 1.05CO2 + 1.450H2O (4.13)

1.35C3H5O−
3 + 1.33Fe3+ + 0.33OH− + 0.2NH+

4 + 0.15H+ =

CH1.8O0.5N0.2 + 1.33C2H4O2 + 1.33Fe2+ + 0.38CO2 + 0.450H2O (4.14)

4.3.5 Growth rate impacts

For both O2 and Fe(III) growth, the growth rate increased with temperature. As shown

in Figure 4.5, growth rate was maximized at the highest temperature included for each

condition (35◦C for Fe(III) and 36◦C for O2). For aerobic growth, at 95% confidence, growth

rates below 36◦C were indistinguishable. For anaerobic growth, however, growth rates at

each temperature were statistically unique. However, the magnitude of variation between
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25◦C and 30◦C was much smaller than at higher temperatures. Figure 4.6 illustrates growth

rate as a function of biomass yield. Fe(III)-based growth rate correlated inversely with

biomass yield with an R2 of 0.86. O2-based growth rates did not show a correlation with

biomass yield (R2 ≪ 0.01).
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Figure 4.5: Growth rates for each experimental condition. Error bars reflect standard devi-
ation between replicate experiments.
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Figure 4.6: Growth rates as a function of biomass yield. Error bars reflect standard devia-
tion between replicate experiments.
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4.4 Discussion

4.4.1 Temperature impacts

For both growth strategies, an upper limit of growth temperature was established. For O2

growth, growth was not observed above 38◦C. For Fe(III) growth, 35◦C was the maximum

temperature. It is notable that the growth strategies yielded different temperature limits,

though they are quite close, and likely reflects differences in the physiological underpin-

nings of those metabolisms. Specifically, the temperature limits for those growth strategies

may differ because different enzymes are required for O2 and Fe(III) growth (Myers &

Myers, 1993; Blakeney et al., 2000a). However, due in large part to the complex nature of

electron transfer across the cell envelope and the multiple cytochromes that are thought

to be involved for CN32 (Blakeney et al., 2000b), few details regarding the exact enzymes

involved in O2 and Fe(III) growth have been quantified. Despite these limits, since tem-

perature limits for growth often depend on limits to enzymatic activity (Daniel, 1996), we

can infer a similar effect for CN32.

Another factor that may influence growth temperature limits is the growth media.

Moreover, since the growth media was different for aerobic and Fe-based growth (in lac-

tate concentration and Fe(III) versus O2 presence) those differences must be considered

when comparing the data. For both media, the ionic strength was ca. 0.04 M. There is some

evidence that increasing ionic strength can yield a higher temperature limit for bacterial

growth (Nichols et al., 2000). This suggests that if salt concentrations in the media were

increased, the temperature limit might also increase. While the Fe(III)-based experiments

had a slightly higher ionic strength (0.045 M versus 0.041 M for O2 experiments) due to the

higher concentration of lactate and the ionic nature of the electron acceptor, that difference

is much smaller than those that have been observed to incur temperature limit impacts.

Therefore, the ionic strength difference between the two grow media was likely not large

enough to influence the temperature limits for growth.

The clear relationship between temperature and thermodynamic efficiency for both O2-
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and Fe(III)-based growth indicates that allocation of the energy produced in catabolism

also changes with temperature. Because efficiency is defined by the proportion of Gibbs

energy used in anabolism, that allocation of energy reflects its relative use in the produc-

tion of new biomass (anabolism) versus other non-growth processes. Moreover, loss of

efficiency can also correlate to increased production of exudates, as the total C-mol of

biomass produced was based on cell counts rather than total organic carbon. The pro-

duction of biofilms in bacteria, specifically, has been shown to increase with a decrease in

temperature (Burman & Bengtsson-Palme, 2021), which would lead to a loss of efficiency

at lower temperatures. Our aerobic data are consistent with this from 27 – 30◦C while the

anaerobic data are not. This may indicate that biofilm production is happening predomi-

nantly in the aerobic system. At higher temperatures, expenditure of energy to maintain

sufficient cellular functioning, rather than to reproduce, may explain the statistically sig-

nificant decrease in thermodynamic efficiency above 30◦. As has been previously shown,

protein instability and aggregation, along with membrane fluidity, increase with tempera-

ture, thereby affecting cellular homeostasis (Schramm et al., 2019; de Mendoza & Cronan,

1983). These changes require the cell to overcome that physiological stress to maintain its

internal functions, likely resulting in increased energy use.

4.4.2 Gibbs energy partitioning

The partitioning of Gibbs energy yielded from catabolism into the enthalpy (∆Hinc) and

entropy (T∆Sinc) during incubation according to Equation 5.2 is illustrated in Figure 4.7.

T∆Sinc is calculated directly from the ∆Ginc and measured values of ∆Hinc. These values

are compared to the standard state values for both O2- and Fe(III)-based growth, for 1

C-mol of biomass and adjusted to the temperatures investigated. For O2 growth, ∆G◦
r is

slightly more negative than ∆H◦
r . This predicts that the entropic component of growth

(∆S◦
r ) is minimal. The data show a reverse trend; ∆Hinc is more negative than ∆Ginc. When

the difference between ∆Hinc and ∆Ginc is minimized at 30◦, the most efficient growth is
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observed. This suggests that reactions occurring that cause a decoupling of the anabolic

cycle from the catabolic cycle (i.e., reactions associated with maintenance, production of

exudates, and similar processes) are exothermic. It is also clear that standard state predic-

tions of how Gibbs energy is partitioned during growth can vary substantially from actual

incubations.

Standard state predictions of growth on Fe(III) shows the same general trend as oxygen

(∆G◦
r more negative than ∆H◦

r ), but the magnitude of that difference is much greater. Con-

sequently, the entropic component of growth is predicted to be more significant. This can

be conceptualized by considering the metabolite stream during growth. The production

of small metabolites would increase entropy during growth, thus helping drive ∆G◦
r neg-

ative (Von Stockar & Liu, 1999). The data do not show a significant entropic component

during incubation; that is ∆Hinc is very similar to ∆Ginc. ∆Hinc is closer to standard state

predictions than ∆Ginc and growth efficiency is maximized when the difference between

standard state predictions and the data are minimized (i.e., at 30◦C and below).

Standard state predictions represent an ideal growth scenario with maximum coupling

between the anabolic and catabolic cycle. Experimental incubations, however, introduce

multiple energy consuming non-growth processes, such as cellular maintenance and the

production of exudates, that do not result in new cell production. As a result, measured

thermodynamic potentials diverge from predicted thermodynamic potentials. We can,

therefore, infer the relative activity of those processes by the magnitude of that diver-

gence. As efficiency decreases, the coupling between the catabolic and anabolic processes

becomes weaker as non-growth processes increase. Moreover, the extent of non-growth

processes varies, making the entropic component of growth difficult to predict with a stan-

dard state system. The growth conditions in which efficiency is maximized will come the

closest to standard state predictions, but non-growth processes will still introduce devia-

tions. Despite this, the comparative trends in ∆Hinc and thermodynamic efficiency suggest

that comparisons between calorimetric measurements and standard state predictions of
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the enthalpy of growth can be used to evaluate growth efficiency, as originally proposed

by von Stockar et al. (1993).
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Figure 4.7: Standard state and measured values for ∆G and ∆H for both growth strategies
at each temperature investigated. Error reflects standard deviation between replicate sam-
ples.

4.4.3 O2 vs. Fe(III) growth

An important result from this work is the contrast between thermodynamic efficiency for

O2 and Fe(III) growth as a function of temperature. As mentioned above, a possible ex-

planation lies in the fact that CN32 is capable of producing biofilm, which is a mixture of

cells and a matrix of extracellular polymeric substances. Biofilm production is important to

consider because the enthalpy of its formation is measurable by calorimetry (Peitzsch et al.,

2008; Das, 2021) and consumption of electron donors and acceptors is necessary to yield

energy for that formation (Speers & Reguera, 2012). Therefore, if biofilm production is not

measured and taken into account when calculating the total C-mol biomass produced, the



89

thermodynamic efficiency values will be impacted. While macroscopic instances of biofilm

were not observed, biofilm is typically observed by scanning electron microscopy (Alhede

et al., 2012). Smaller biofilms may have been missed with the flourescence microscopy

used in this study. Thus, biofilm production may have occurred in our experimental cul-

tures and impacted thermodynamic efficiency calculations. Moreover, two of the variables

that influence biofilm production were included in these experiments: O2 and elevated

temperatures.

For Shewanella strains in particular, the presence of O2 has been shown to dramatically

increase biofilm production (Wu et al., 2013). In contrast, elevated temperature has been

demonstrated to reduce biofilm formation in other taxa (Yan et al., 2020; Pinel et al., 2021).

Therefore, at lower temperatures, where oxygen solubility is also higher, biofilm produc-

tion may have occurred to a high enough degree that it altered the calorimetric signal and

Gibbs energy of incubation. At higher temperature, this effect could be minimized. There-

fore, higher growth efficiencies, when normalized to a C-mol value derived solely from cell

counts, would be predicted at higher temperatures. This was observed 30◦C and higher.

In the Fe(III) growth experiments, we would expect less, if any, biofilm production. This

is consistent with the observed consistency in growth efficiency at 30◦C and below. This

does not, however, explain the loss of efficiency with Fe(III)-based growth at higher tem-

perature. Temperature is known to impact Fe(III) reduction rates and the bioavailbility of

solid phase Fe(III). Aromokeye et al. (2018) found that the ability of iron-reducing bacteria

to use solid phase Fe(III) and Fe(III) reduction rates increased with a decrease in tempera-

ture. Consequently, the decrease in thermodynamic efficiency at elevated temperature is,

at least in part, likely related to the ability of CN32 to access Fe(III).

Characterizing Fe(III)-based growth of S. putrefaciens sp. is essential to predict its influ-

ence on geochemical conditions. A key component for making geochemical predictions is

representing growth with a chemical equation that reasonably reflects the observed con-

sumption and production of substrate and metabolites, respectively. For example, Equa-
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tion 4.15 illustrates the established stoichiometry for Fe(III) growth by S. putrefaciens as

described in Lovley (1993). This stiochiometry has been applied without verification (Tran

et al., 2020).

C3H5O−
3 + 4Fe3+ + 2H2O = C2H3O2 + HCO−

3 + 4Fe2+ + 5H+ (4.15)

The measurements made in this work, however, are consistent with a very different reac-

tion stoichiometry (see Equation 4.11). Geochemical predictions of Fe(II) production based

on Equation 4.15 would over-predict production by approximately 2.5 times according to

the present work. Moreover, if the overall growth reaction is considered relative to Equa-

tion 4.15, that over-prediction of Fe(II) becomes closer to 3 times according to the present

work. These differences are substantial and could alter geochemical predictions of min-

eral phase stability, redox conditions, ionic strength, and similar variables. Consequently,

verification of reasonable chemical equations of microbial growth are critical to accurate

geochemical modeling.
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4.5 Conclusions

In this work, we presented the first quantitative comparison of aerobic and anaerobic

growth by CN32. Through a combination of calorimetric analysis and measured changes

to a defined growth medium, we described the bioenergetics of those growth strategies.

Those data demonstrated a contrasting effect of temperature on thermodynamic efficiency

between aerobic and anaerobic growth, which is likely explained through varied biofilm

production and Fe(III) bioavailability and reduction rates. Comparisons between incuba-

tion enthalpies and Gibbs energies revealed additional nuances in growth efficiency and

were counter to standard state predictions. This demonstrates the necessity of direct bioen-

ergetic measurements, as variables that are difficult to predict, such as cell maintenance

energy, directly affect that efficiency. This work also provides a stoichiometric description

of both growth strategies. Those values are in juxtaposition with previously applied, theo-

retical, stoichiometries. This further motivates continued application of measured bioener-

getics, as the use of theoretical growth stoichiometries may lead to inaccurate predictions

regarding the effects of that growth. In all, this work provides data crucial to accurately

describing the growth of a common subsurface bacterium, under a ranges of conditions,

and advances our understanding of its role in both oxygenated and anaerobic systems.
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Chapter 5

BIOENERGETIC EFFECTS OF H2 LIMITATION AND TEMPERATURE ON
METHANOCALDOCOCCUS SP. FS406-22

Co-authored by Addien C. Wray and Drew Gorman-Lewis

Abstract

It is widely thought that some of the earliest life used a metabolic pathway broadly sim-

ilar to the hyperthermophilic archaean Methanocaldococcus sp. FS406-22 (hereafter FS406),

found today at hydrothermal vents, wherein methane is produced through the oxidation

of molecular hydrogen. To better understand the energetic requirements of evolutionar-

ily old metabolic processes like hydrogen oxidation, analysis of the thermodynamics of

those microbes is both necessary and notably underexplored. FS406 is an ideal candi-

date for expanding our knowledge in this area due to its metabolic plasticity, where it is

capable of growth over a wide range of temperatures and pressures. In this work, we

quantified the bioenergetics of methanogenic growth by FS406 at three temperatures (65,

76, and 85◦C). We investigated growth across a range of hydrogen partial pressure (0.4 –

0.8) to impose substrate-limiting conditions and produce a range of biomass yields. This

also allowed us to investigate the stress response of FS406 and relate the thermodynamic

characterization to growth efficiency. Results showed that growth was most efficient at

76◦C with the highest partial pressure of hydrogen. Growth efficiency at 65 and 85◦C was

similar across the nutrient conditions investigated. Decreased growth efficiency correlated

with decreased biomass yield, and increased heat production during incubation. The data

clearly showed that the partitioning of Gibbs energy dissipation into enthalpy and en-

tropy changed as non-growth reactions increased during incubation. Increased cellular

maintenance (i.e., non-growth reactions) was characterized by an increase in the enthalpy
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of incubation, which suggest that non-growth reactions are highly exothermic. The en-

thalpy of incubation normalized to substrate consumption was determined to range from

−34 to −46 kJ/mol with peak growth efficiency characterized with a heat dissipation of

−39 kJ/mol. This work provides new insights into the thermodynamic underpinnings

of a metabolically ancient hydrothermal vent archaean and helps to better constrain the

energetic requirements of early life.
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5.1 Introduction

The exact parameters of the metabolisms employed by early life are not known. However,

it is possible to put some constraints on what pathways may have been energetically feasi-

ble. This constraint-focused approach has been applied to variety of ecological niches, such

as marine sediments and extreme habitats, and has been used to estimate, more broadly,

energetic maxima and minima for microbial life (e.g., Lane, 2014; LaRowe & Amend, 2015;

Kempes et al., 2017; Merino et al., 2019). This understanding is rooted in our knowledge

of the geochemical conditions of those systems. For the early Earth, the high concentra-

tions of molecular hydrogen suggest that life may have used it as a primary electron donor

(Caffrey et al., 2007; Vignais & Billoud, 2007; Peters et al., 2015). The H+/H2 electrode

potential makes H2 an excellent electron donor coupled to a variety of electron acceptors.

Given that organic carbon was likely not very abundant on early Earth, it is plausible that

H2 oxidation was coupled to CO2 reduction (Sousa et al., 2018). The Acetyl Co-A pathway

of methanogenesis, where H2 is oxidized and CO2 reduced in methanogenesis, is widely

considered a plausible model for early metabolism (Baross & Hoffman, 1985; Martin et al.,

2008; Martin & Sousa, 2016; Weiss et al., 2016; Sousa et al., 2018; Martin, 2020). To place

further constraints on that metabolic strategy, we can measure the thermodynamic prop-

erties of extant methanogenic microorganisms. Of those, the hyperthermophilic archaean

Methanocaldococcus sp. FS406-22 (hereafter FS406) is an ideal candidate as it can be cultured

ex situ, demonstrates a wide variety of metabolic capability (including growth at a range

of temperatures and pressures), and is found in hydrothermal vents – themselves possi-

ble niches for early life (Mehta & Baross, 2006). Quantification of the bioenergetics that

underpins the growth of FS406, however, has not been done.

To date, thermodynamic measurements of methanogenic microbial growth have fo-

cused largely on calorimetric measurements of arachaea found in the digestive tracts of

cattle (Von Stockar et al., 2000; Liu et al., 2001b). While limited research in this area has

included thermophilic archaea (Schill et al., 1999), to the authors’ best knowledge, direct
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measurements of marine hyperthermophilic methanogenic bioenergetics remain unexam-

ined. Still, these works, along with non-bioenergetic focused research into methanogenic

microbes, have helped identify which geochemical variables methanogens are the most

sensitive to and, thus, what components may constrain their growth. Of those, electron

donor availability and temperature appear to play a significant role in constraining the

growth of methanogens (Zinder et al., 1984; Morgan et al., 1997; Reeve et al., 1997; Rus-

sell, 2007; Costa et al., 2013; Fuchs et al., 2016; Chen et al., 2020). Missing is a combined

comparison of those variables with hyperthermophiles.

Methanogenic hyperthermophilic growth requires microbes to overcome physiological

and biochemical effects of temperature. The precise molecular adaptations employed have

not been fully characterized, however, survival at extreme temperatures requires cell com-

ponents (e.g., lipids, nucleic acids, proteins) which are typically heat-sensitive to be chem-

ically altered. For example, archaean membranes contain lipids (diphytanyl-glycerol and

di(bithytanyl)-diglycerol) that impart significant temperature resistance (Ramirez et al.,

1994), and their DNA double helix contains additional histones which further increase

its thermal stability (Reddy & Suryanarayana, 1988). In addition, for growth at extreme

temperatures, the enzymes responsible for metabolic processes need to be both stable and

able to react. To avoid irriversible denaturation at high temperatures, hyperthermophilic

enzymes are typically folded into very stable conformations (Gavrilov et al., 2016). The

rate of reaction for thermophilic emzymes is also temperature-dependent, where reactivity

rates increase with temperature to a limit, beyond which they react more slowly (Danson

et al., 1996). At mesophilic temperatures the fleixbility of those enzymes may also decrease

(Danson et al., 1996), potentially limiting growth at lower temperatures. Overall, while

these adaptations allow microbes to survive, and even grow, at elevated temperatures,

that effect is varied, where growth is typically optimized at a temperature below the abso-

lute limit for growth of a particular strain (Stetter, 1999). Thus, growth characteristics of

methanogenic hyperthermophiles, and their bioenergetics need to be considered across a
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range of temperature.

That thermal spectrum is also highly relevant to the availability of both the electron

donor and acceptor (H2 and CO2, respectively) typically used in methanogenesis. Their

solubilities are directly affected by temperature and both decrease in solubility with tem-

perature. This may explain the high microbial concentrations in and near the effluent

of hydrothermal vents. Some vents produce H2 and CO2 in high concentrations, such

that aqueous forms of both compounds are still present at high enough concentrations for

methanogenic growth, despite the solubility impact of the effluent temperature (Ver Eecke

et al., 2012; Konn et al., 2015; Adam & Perner, 2018). Farther from the vent, however, con-

centrations of H2 diminishes below the threshold values for Methanocaldococcus jannaschii

identified by Ver Eecke et al. (2012), likely due to a combination of the gases evolving from

the aqueous to gaseous phase and dilution by the surrounding seawater. This is impor-

tant because methanogenesis requires a high concentration of H2 relative to CO2, given its

typical reaction of

4H2 + CO2 = CH4 + 2H2O (5.1)

where four moles of hydrogen are consumed per mole of CO2. This means that the avail-

ability of aqueous H2 may be growth limiting farther from the vent. How H2 concentration

affects the bioenergetics of methanogenic hyperthermophiles is clearly important to fully

understand that group of microbes, but it has yet to be examined.

An important direction the field of bioenergetics has taken in recent decades is to quan-

tify growth according to the equation:

∆G = ∆H − T∆S (5.2)

where ∆G is the change in Gibbs free energy, ∆H is the enthalpy of growth, and T∆S is the

entropic change incurred from growth (Von Stockar & Liu, 1999; Heijnen & Kleerebezem,

2010; González-Cabaleiro et al., 2019; Hart & Gorman-Lewis, 2021). Certain studies have



98

focused on quantifying all three of these terms, which provides a more complete picture

of the growth process than relying on ∆H measurements alone (e.g., Von Stockar & Liu,

1999; Heijnen & Kleerebezem, 2010; González-Cabaleiro et al., 2019; Hart & Gorman-Lewis,

2021). Furthermore, that approach allows for growth to be described in terms of its driving

force. That means that we can determine whether growth is primarily enthalpy-derived,

entropy-derived, or a combination. This approach has produced intriguing results, such as

the identification of entropy-retarded growth (Von Stockar & Liu, 1999) and the first iden-

tification of endothermic growth (Von Stockar et al., 2000). Clearly this approach to bioen-

ergetic analysis can yield nuanced descriptions of what parameters constrain growth. The

application of it, then, to taxa relevant to early metabolic strategies is key to constraining

our understanding of the chemical requirements for that life.

FS406 is an ideal candidate for expanding our knowledge in this area. The metabolic

plasticity it exhibits, which includes growth at a wide range of temperatures (up to 92◦C)

and pressures, also would allow for extrapolation of its bioenergetic constraints to a variety

of conditions. The fact that it inhabits hydrothermal vent effluent further increases its

relevance to early life. In this work, we quantified enthalpy, Gibbs energy consumption,

and entropy of FS406 growth at a range of temperatures (65-85◦C) and H2 partial pressures

(0.4-0.8). These data ultimately improve our understand of the bioenergetic requirements

of methanogenesis and place constraints on the thermodynamic underpinnings of early

life.
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5.2 Materials and Methods

5.2.1 Culture preparation

FS406 was maintained on 5 mL of a defined growth medium (Mehta & Baross, 2006) at

65◦C. Cultures were grown to stationary phase (24 h, ±4 h) and maintained with a 4%

inoculum. Experimental cultures were prepared such that initial biomass concentration

was 1.0 µg/mL (±0.05). In an anaerobic chamber with an N2:H2 atmosphere (98:2), 2.5 mL

aliquots were added to 4.22 mL borosilicate glass vials sealed with butyl rubber septum

type stopper and aluminum sealing rings. The headspace of each vial was then sparged

with an 80:20 H2/CO2 gas mixture. The sparging pressure was equal to the pressure of

the H2/CO2 for the experiment (either 1.21, 1.53, or 2.38 atm). 1.21 atm vials were sparged

for 30 seconds while the higher partial pressure vials were sparge for 10 seconds. It was

assumed that sufficient removal of the headspace gas was obtained such that it would not

impact our measurements. Each vial was then pressurized to either 1.21, 1.53, or 2.38 atm

with the H2/CO2 mix. The lower two pressure vials were then brought to 2.38 atm total

pressure with pure CO2. The resulting vials were all at 2.38 atm, with H2 partial pressures

of 0.4, 0.5, and 0.8. H2 partial pressure was varied to achieve a range of biomass yields.

5.2.2 Calorimetric analysis

Calorimetric measurements were made by growing 2.5 mL cultures of FS406 in 4.2 mL

glass vials, sealed with butyl rubber septa and aluminum sealing rings, in a TAM III

nanocalorimeter that measures heat flux between a reaction and reference vessel as a func-

tion of time (Johansson & Wadsö, 1999; Goldberg & Wadsö, 2001). Calorimetric response

was calibrated by electrical heating and verified by measuring protonation of TRIS at 25◦C

(Grenthe et al., 1970). The total heat evolved during growth was measured by monitoring

heat flux in the calorimeter throughout the growth period, and the integrating under the

resulting curve.
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5.2.3 Overall growth reaction modeling

The systems investigated in this work related to growth of FS406 under controlled condi-

tions in reaction vials. From this point forward, we refer to changes in the reaction vials

as a result of microbial growth as “incubation” to recognize that abiotic or biotically in-

fluenced abiotic reactions will also occur. Simplified macrochemical equations to repre-

sent cell growth were used according to Heijnen & Kleerebezem (2010). Those equations

are based on the production of one carbon-mole of generic biomass, according to the for-

mula CH1.8O0.5N0.2 (Heijnen & Kleerebezem, 2010; Calabrese et al., 2021). The anabolic

and catabolic components of the growth reaction were represented according to Equations

5.3 and 5.4. The coefficients for the anabolic and catabolic reactions were determined by

solving a series of linear equations to satisfy balances of mass and charge.

Yan = a · e−donor + b · Nsource + c · H+ + d · H2O

+ e · CO2 + f · oxidizede−donor + CH1.8O0.5N0.2 (5.3)

Ycat = g · e−donor + h · e−acceptor + i · oxidizede−donor + j · reducede−acceptor (5.4)

To produce sufficient energy to drive anabolism, the catabolic reaction needs to be per-

formed multiple times. That relationship defines the catabolic multiplicative factor neces-

sary to produce one C-mol of biomass, fcat, as described in Equation 5.5

fcat =
−1

YX/D
+ Yan

D (5.5)

where YX/D is the C-mol biomass produced per mol of e−donor consumed and Yan
D is the

anabolic coefficient of the e−donor.
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From Equations 5.3 – 5.5 we can calculate the coefficients for the overall growth reaction

(OGR) with Equation 5.6:

YOGR = Yan + fcat · Ycat (5.6)

5.2.4 Gibbs energy of incubation

The Gibbs energy change during incubation was calculated for each experiment before and

after growth based on activities of all the chemical species in the overall growth reaction.

Measurements of pH and H2 were made with an Orion 8103BN Ross semi-micro com-

bination pH electrode and a Unisense Clark-type hydrogen microelectrode, respectively.

Methane in the headspace was measured by a Shimadzu GC2030 gas chromatograph us-

ing a GS-CARBONPLOT column and flame ionizing detector. CO2 loss was assumed to be

in stoichiometric parity with methane, according to Equation 5.1. Standard states for this

work at all temperatures and pressures are unit activity of the pure solvent, unit activity

of aqueous species in a hypothetical 1 molal solution referenced to infinite dilution, unit

activity of the pure minerals or other crystalline solids, and unit fugacity of a pure gas at

1 bar. The standard state Gibbs energies of formation (∆G◦
f ) for the chemical species in the

growth reaction were calculated at the experiment temperature with the revised Helgeson-

Kirkham-Flowers (HKF) equations of state (Helgeson et al., 1978, 1981; Tanger & Helgeson,

1988) using SUPCRT92 (Shock et al., 1989; Johnson et al., 1992). For biomass, ∆G◦
f = −67

kJ/mol was used for all growth experiments (Heijnen & van Dijken, 1992). The standard

state Gibbs energies of reactions (∆G◦
r ) of the overall growth reaction determined for each

experiment were calculated using Equation 5.7, where ∆G◦
f ,products and G◦

f ,reactants are the

standard state Gibbs energies of formation for the products and reactants of the growth

reaction, respectively, and Yogr
i is the stoichiometric coefficient of the ith chemical species

in the overall growth reaction.
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∆G◦
r = ∑(∆G◦

f ,products × Yogr
i )− ∑(∆G◦

f ,reactants × Yogr
i ) (5.7)

The change in Gibbs energy of a given chemical reaction represents the Gibbs energy

potentially available for microbial growth. This is defined by Equation 5.8, where ∆G◦
r is

modified with the concentration-dependent reaction quotient (Q), the universal gas con-

stant (R), and absolute temperature (T).

∆G = ∆G◦
r + 2.3026 × R × T × log(Q) (5.8)

Q was calculated according to Equation 5.9, where ai is the thermodynamic activity of the

ith chemical species in the overall growth reaction (r) and vi,r is the stoichiometric coeffi-

cient for that species.

Q = Πavi,r
i (5.9)

Activities of the aqueous species were calculated using PHREEQC (Parkhurst & Ap-

pelo, 1999). Activity of biomass in solution was converted from molality (C-mol/kg sol-

vent) assuming an activity coefficient of 1 (Tebes-Stevens et al., 1998; Xu et al., 1998; Parkhurst

& Appelo, 1999). Overall Gibbs energy change during incubation, ∆Ginc, for each exper-

iment was calculated with Equation 5.10 as the difference between initial ∆Gr available

(∆Gr,initial ), calculated from the initial chemical composition of the medium solution and

biomass, and final ∆Gr available (∆Gr, f inal ), calculated from the final chemical composition

of the medium solution and biomass.

∆Ginc = ∆Gr,initial − ∆Gr, f inal (5.10)
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5.3 Results

Results are presented as a function of biomass yield (C-mol per mole H2 consumed).

Biomass yield varied between approximately 1.5 × 10−3 and 5.8 × 10−3 C-mol per mole

H2 consumed. Figures 5.1 and 5.2 illustrate ∆Hinc and ∆Ginc. Overall, heat production

decreases with biomass yield, with an R2 of 0.90. At each temperature, the greatest ∆Hinc

correlated with the lowest biomass yield. At 76 and 85◦C, the smallest ∆Hinc value also

correlated with the greatest biomass yield. A very similar trend was also observed when

comparing ∆Ginc to biomass yield; ∆Ginc decreases with biomass yield and has an R2 value

of 0.90. This trend which is also observed at each temperature individually.

Figure 5.1: Enthalpies of growth under each condition, normalized to C-mol biomass pro-
duced, compared to biomass yield (C-mol per mol H2. Error bars reflect standard deviation
between replicate experiments.
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Figure 5.2: Gibbs energy consumed during incubation under each condition, normalized
to C-mol biomass produced, compared to biomass yield (C-mol per mol H2). Error bars
reflect standard deviation between replicate experiments.

Methane production varied across experimental conditions and is illustrated as a func-

tion of biomass yield in Figures 5.3 and 5.4. A trend emerged with methane production

normalized to C-mol biomass produced, with an R2 of 0.88. Biomass yield was largest

when methane produced per C-mol biomass was smallest. When methane produced is

normalized the H2 consumption no clear trends are evident (R2 = 0.08).
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Figure 5.3: Methane produced under each condition, normalized to C-mol biomass pro-
duced, compared to biomass yield (C-mol per mol H2). Error bars reflect standard devia-
tion between replicate experiments.
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Figure 5.4: Methane produced under each condition, normalized to H2 consumed, com-
pared to biomass yield (C-mol per mol H2). Error bars reflect standard deviation between
replicate experiments.

Averaged growth rate at each temperature is illustrated in Figure 5.5. The maximum

growth rate was achieved at 76◦. Growth rate as a function of biomass yield is shown in

Figure 5.6, and no clear trend emerges (R2 = 0.18). What does become clear in Figure 5.6 is

that the highest growth rate produced a biomass yield of ≈ 0.004 C-mol / mol H2, which

is approximately the median biomass yield produced across the experimental conditions.
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Figure 5.5: Growth rate of each temperature condition. Error bars reflect standard devia-
tion between all experiments at each temperature.
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Figure 5.6: Growth rates, compared to biomass yield (C-mol per mol H2). Error bars reflect
standard deviation between replicate experiments.

5.3.1 Growth stoichiometry

We determined the catabolic reaction based on Equation 5.4 and constraints provided by

changes to the growth media, as shown in Equation 5.1. The ratio of CO2 consumed per

mole of H2 oxidized was 0.25 mole. The anabolic reaction, solved according to Equa-

tion 5.3, involved the conversion of H2, CO2, ammonium, and protons into biomass. The

unscaled overall growth reaction, as determined by summing Equations 5.1 and 5.11, is

shown in Equation 5.12. That reaction predicts 0.33 moles of CO2 to be reduced per mole

H2. The observed ratio of CO2:H2 in the experiments was 0.28 ±0.05. This is between

the predictions for the catabolic and overall growth reactions, reflecting the measurable

influence of anabolism on the relative concentrations of H2 and CO2.

2.1H2 + CO2 + 0.2NH4 = CH1.8O0.5N0.2 + 1.5H2O + 0.2H+ (5.11)

6.1H2 + 2CO2 + 0.2NH4 = CH1.8O0.5N0.2 + CH4 + 3.5H2O + 0.2H+ (5.12)
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5.4 Discussion

5.4.1 Growth Efficiency

A common approach for energetic calculations and comparisons of biological data is to

normalize those data to the total amount of biomass produced (Schill et al., 1999; Liu et al.,

2001a; Hart & Gorman-Lewis, 2021). This can be taken as the total number of cells pro-

duced, or, as done in this work, the moles of organic carbon produced according to a

simplified chemical formula for biomass (Heijnen & Kleerebezem, 2010). Normalization

to biomass is essential for calculation of the catabolic scaling factor (described above) and

to consider trends in thermodynamic potentials. However, the production of biomass is

frequently inconsistent, even under identical conditions, and particularly when cultures

produce low biomass (e.g., 3.5 µg dry weight). As a result, the error between replicate

experiments can be large. This effect can be seen our data; the experiments that produced

the largest biomass yields (greater than 5×10−3 C-mol / mol H2) had the smallest errors.

Despite the larger errors associated with biomass normalization, some trends do emerge

in the data.

Thermodynamic efficiency is defined as the ratio of the anabolic to catabolic ∆Ginc

scaled by fcat (Calabrese et al., 2021). Figure 5.7 illustrates efficiency as a function of

biomass yield. The varied initial partial pressure of H2 in the cultures allowed us to gather

data across a range of biomass yields through nutrient limitation. This also imparted stress

on cultures that resulted in a measurable response. A clear trend is exhibited (R2 = 0.98)

where the highest biomass yield shows the most efficient growth. This is an expected trend

given that efficient growth connotes a tighter coupling between the catabolic and anabolic

reactions (Russell, 2007); thus, more energy liberated by the catabolic cycle is used for

biomass production rather than non-growth reactions.
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Figure 5.7: Thermodynamic efficiency compared to biomass yield. Error bars reflect stan-
dard deviation between replicate experiments.

Examining thermodynamic efficiency as a function of ∆Hinc can reveal relationships

between biomass production and non-growth reactions that are not discernible by consid-

ering ∆Ginc alone. As shown in Figure 5.8, a higher ∆Hinc correlates with lower thermo-

dynamic efficiency. This is corresponds to an increase in the anabolic reaction decoupling

from the catabolic reaction due to non-growth reactions such as turnover of macromolec-

ular compounds, osmoregulation, and many other reactions (Van Bodegom, 2007). There-

fore, an increase in decoupled reactions, in turn, corresponds to higher heat production.

This implies that these non-growth reactions are predominantly exothermic.
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Figure 5.8: Thermodynamic efficiency compared to ∆Hinc per C-mol biomass produced.
Error bars reflect standard deviation between replicate experiments.

Considering microbial growth according to Equation 5.2, it is clear that the entropic

contribution to growth cannot be neglected. The entropic contribution can be concep-

tualized by considering the metabolite stream during growth. The production of small

metabolites would increase entropy during incubation, thus helping drive ∆G◦
r negative

(Von Stockar & Liu, 1999). The inverse, production of larger molecules or simply the lack

of ion or molecules exiting the cell, would decrease entropy and retard growth. T∆Sinc

is calculated directly from the ∆Ginc and measured values of ∆Hinc. Examining T∆Sinc as

a function of thermodynamic efficiency can further elucidate the relation between non-

growth reactions and this thermodynamic potential as shown in Figure 5.9. An observable

trend is present, where efficiency decreases with increased entropy (R2 = 0.76).
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Figure 5.9: Thermodynamic efficiency compared to the entropic component of growth.
Error bars reflect standard deviation between replicate samples.

As shown in Figure 5.10, standard state predictions suggest that growth should be

slightly entropy-driven (since ∆G is more exergonic than ∆H is exothermic). The observed

thermodynamics, however, are in contrast to those predictions and show that entropy is

retarding growth (∆G is less exergonic than ∆H is exothermic). This is likely because stan-

dard state predictions do not take into account non-growth reactions. If non-growth re-

actions do not expel ions or molecules from the cell, then there is a consumption of Gibbs

energy and an increase in internal entropy, which can then only be dissipated through heat.

The data clearly show this trend with exothermic or enthalpy-driven growth across all con-

ditions. It is notable though, that the data that are closest to standard state predictions are

those with the highest biomass yield. These data correspond to the most efficient growth

at each temperature. This indicates that as thermodynamic efficiency increases, the magni-

tude of non-growth reactions relative to growth reactions decreases. Consequently, there is

less internal entropy production that needs to be dissipated, and we observe this through

less heat production during incubation. The opposite is also observed, where, for cells that
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are under the most stress and have the lowest biomass yield, ∆Hinc is the large in order to

dissipate internal entropy production from non-growth reactions, and this correlates to the

greatest discrepancies relative to standard state.
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Figure 5.10: Curves represent standard state predictions for enthalpy (∆H◦
r ) and Gibbs

energy (∆G◦
r ) over the range of biomass yield considered. Solid points are ∆Hinc and open

points are ∆Ginc at each temperature. Black is 65◦C, blue is 76◦C, and red is 85◦C. Error
bars reflect standard deviation between replicate samples.

5.4.2 Heat Dissipation Limits

Another common approach to energetic comparisons of biological data is normalization

to substrate consumption or metabolite production. This approach is also commonly used

when understanding geochemical impacts is the primary focus of studies (Smith & Shock,

2007; Amenabar et al., 2017). Combining this normalization strategy with another indi-

cator of efficiency, enthalpy efficiency, can help to elucidate additional details behind the

energetics. Enthalpy efficiency, described by von Stockar et al. (1993), is the ratio of the



114

standard state enthalpy of biomass formation (∆H◦
x = −91 kJ/C-mol, used at all tem-

peratures (Heijnen & van Dijken, 1992)) to the difference between ∆H◦
x and ∆Hinc. These

parameters often have lower errors than parameters involving ∆Ginc, because many chem-

ical analysis necessary are necessary for Gibbs energy calculations. Considering the data

in terms of enthalpy efficiency versus ∆Hinc normalized to H2 consumed (∆Hinc/molH) re-

duced the chemical analyses to biomass quantification and H2, thereby lowering some

errors associated with experimental conditions.

Figure 5.11: Enthalpy efficiency compared to biomass yield. Error bars reflect standard
deviation between replicate experiments.

Figure 5.11 illustrates enthalpy efficiency as a function of biomass yield. Enthalpy ef-

ficiency follows the same trends as found for thermodynamic efficiency, with maximum

efficiency found at 76◦C. This suggests it is a suitable parameter to discern impacts of the

experimental conditions on growth efficiency. Considering enthalpy efficiency as a func-

tion of ∆Hinc/molH provides a view of the data to further characterize how heat production

during incubation is related to biomass production. The more biomass that is produced

during incubation will produce more heat, which is why normalization of calorimeteric
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data is so important, such that meaningful for comparisons can be made across experi-

ments. The correlation of high heat production with low thermodynamic efficiency (Fig-

ure 5.8) and low biomass yield (Figure 5.1) are strong evidence that high heat production

is associated with reactions that do not produce new biomass. In addition to this clear

trend, we can observe some thermodynamic limits on growth that are illustrated in the

Figure 5.12 at 65 and 76◦C; errors associated with experimental conditions at 85◦C do not

make similar comparisons possible given the inconsistent growth. We will first consider

data at 76◦C, where maximum enthalpy efficiency at 76◦C correspond with ∆Hinc/molH of

approximately −39 kJ/mol. This ∆Hinc/molH value can be regarded as the optimal heat

dissipation per mole of H2 consumed, under our experimental conditions. ∆Hinc/molH in-

creases as enthalpy efficiency decreases, to 0.003 and 0.008, with p-values of 0.04 or less.

These experiments have similar values of ∆Hinc/molH (≈ −45 kJ/mol) yet different en-

thalpy efficiencies. Cells in both experiments clearly experienced stressed relative to the

experiment with higher efficiency experiment, and it appears that ∆Hinc/molH of ≈ −45

kJ/mol is an upper limit for heat dissipation, under our experimental conditions, which

allows for biomass yields from ≈ 0.0017 to 0.0045 across the temperatures investigated.
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Figure 5.12: Enthalpy efficiency compared to ∆H per mol H2 consumed. Error bars reflect
standard deviation between replicate experiments.

Data at 65◦C in Figure 5.12 also show an interesting trend that defines a lower bound

on ∆Hinc/molH and agrees with the upper bound at 76◦C. The lowest observed ∆Hinc/molH

is ≈ −34 kJ/mol and corresponds to an enthalpy efficiency of 0.011. This experiment

differs from the experiment with a ∆Hinc/molH of ≈ −36 kJ/mol with a p value of 0.051,

which suggests -34 kJ/mol is a lower ∆Hinc/molH bound at 65◦C under our experimental

conditions. We also observe a similar range in biomass yields (≈ 0.0017 − 0.004) at the

lower end of ∆Hinc/molH values as observed in the higher limit. The data at 65 and 76◦C

suggest FS406 is characterized by ∆Hinc/molH values between −34 and −46 kJ/mol. These

parameters can be used in future studies to characterize growth of FS406 with calorimetric

measurements and measurements of H2 consumption.
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5.5 Conclusions

In this work we have presented, to the authors’ best knowledge, the first bioenergetic mea-

surements of a hydrothermal vent dwelling, hyperthermophilic methanogen. Investiga-

tions across a range of temperature and H2-limiting conditions showed that most efficient

growth, defined in terms of thermodynamic efficiency and enthalpy efficiency, occurred at

76◦C. Unsurprisingly, FS406 exhibited clear stress responses as H2 availability decreased,

which was evident in biomass yield and exceedingly clear in ∆Hinc/molH measurements

and T∆Sinc calculations.

The approach we used in this study begins to lay the foundation for determining the en-

ergetic landscape that can support FS406 growth. Calorimetry is the easiest and most direct

energetic measurement that is possible to make on microbial cultures; however, context for

calorimetric measurements is essential to interpret their meaning. For FS406, direct mea-

surements of H2 consumption with Clark-type electrodes provides an efficient method to

quantify substrate consumption, and provide that essential context to interpret the calori-

metric signal. The ∆Hinc/molH values determined in this work make it possible to quickly

evaluate growth conditions in relation to maximal growth efficiency observed under our

experimental conditions with just calorimetric and H2 consumption measurements.

To fully contextualize that energetic landscape, additional work is needed across a

broader suite of environmental conditions, such as the extreme pressures present on the

seafloor. That, more complete, understanding is essential to accurately constrain the en-

ergetic requirements of methanogenesis in hydrothermal systems. This has far reaching

implications, including characterizing modern-day methane production, establishing the

energetic bounds of early life on Earth, and the evaluating the magnitude of habitability of

environments beyond it. Ultimately, this work advances that effort and demonstrates key

trends in the bioenergetics of growth by FS406 that can help guide future research.
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Chapter 6

ASTROBIOLOGICAL CONTRIBUTIONS

The astrobiological impacts of a given set of data can be divided into two categories:

what those data tell us about life on Earth and how they can inform our search for life

elsewhere. This dissertation addresses both categories by describing how life on Earth has

adapted to fill a wide variety of niches as well as the geochemical impacts of their presence,

which is a necessary context in which to view our search for life beyond Earth.

In terms of Earth-based life, the data presented here aid our understanding of the origin

of life. The emergence of life from abiotic compounds, fundamentally, requires a long-lived

energy source. Theories concerning what that source may have been include the possibil-

ity of a natural nuclear reactor, where the decay of U-235 produces the heat necessary to

catalyze early reactions. Regardless of the habitat, for life to proceed, chemical oxidants

and reductants are required. Thus, despite the reducing conditions found on early Earth,

that natural nuclear reactor would inherently mix with an oxidant, yielding U(VI). How

the first cells interacted chemically with that U(VI) is thus of importance. The data pre-

sented here help to constrain the types of such reactions possible on a bacterial surface.

Another possible energy source is a hydrothermal system. This work provides energetic

constraints on the requirements for a metabolism thought to be employed by some of the

earliest life: methanogenesis.

These data also help to improve our understanding of the subsequent diversification

and environmental signatures of microorganisms. First, they serve as a foundation for

the evaluation of early N-fixation bioenergetics. The dissertation also identifies more ac-

curate stoichiometries of growth for a range of metabolic strategies. Lastly, these data

suggest a possible explanation for juxtaposed observations of biosignatures of early life
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and the lack of associated organic carbon. It is shown that the catabolic cycle, from which

biosignatures are typically derived, may proceed in excess relative to the anabolic cycle

under energy-limited conditions. For example, this may help to explain how banded iron

formations were formed biologically and yet today have no organic carbon present. An

energy-limited environment, which is more likely on early Earth due to the lack of oxy-

gen and overall reducing conditions, in which Fe-oxidizing microbes were growing, could

produce a substantial amount of Fe(III) without yielding sufficient biomass for long-term

preservation.

For exosystems, this dissertation placed constraints on energetic requirements for aer-

obic and anaerobic growth, as well as high temperature, hydrothermal growth, which will

help us better understand what life could survive in a given system. In addition, it is

useful for understanding the magnitude of habitability (i.e., how much biomass could be

supported) as it provides a quantification of biomass yield under varied conditions and

with different substrates.

The search for life elsewhere must also consider the fact that organisms will impact one

another by altering the redox state of the system during growth. Thus, the number and

type of metabolic strategies an exosystem can support will partially dictate the amount of

biomass and the type of geochemical signatures we may expect. This work addresses such

effects primarily by identifying the contrast between theoretical and observed growth sto-

ichiometries. As an organism grows, that stoichiometry will determine how it alters the

redox state of its environment, which will directly affect the thermodynamic favorability

of other growth strategies. So, knowing the actual impact one organism may have on the

growth of another requires an accurate characterization of its growth, and this work pro-

vides that context for multiple growth mechanisms. Surficial reactions can have a similar

effect, as they can remove, to varying degrees, certain compounds from solution. This

work advances our understanding of interactions between microbial surfaces and a heavy

metal that can serve both as an energy source and as a toxic inhibitor of life.
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Finally, the search for life will always be limited in scope, so we need to understand

what evidence is best to look for – products of biological activity or organisms them-

selves. These data show that the energetic limitations of a given system, as it relates to

a metabolism of interest, must be taken into account. An energy-limited system can pro-

duce a large quantity of catabolic products (i.e., a biosignature) without yielding much

biomass. So, in a system with little available energy, efforts should focus on finding prod-

ucts of microbial catabolism, while a more energy-rich system would motivate the search

for biomass. In all, these data suggest that the choice of whether to search for a biosignature

or living cells needs to reflect to the energetics of a system.
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Chapter 7

CONCLUSIONS

The quantification of microbial thermodynamic properties is essential to characterize

and predict interactions between microorganisms and their geochemical environment. The

co-application of calorimetric measurements (∆H) and calculations of the Gibbs energies

associated with a reaction of interest (e.g., protonation, metabolism) greatly improves the

accuracy of that assessment. Once quantified, these parameters can be used to calculate the

entropic component of the reaction. This additional parameter can help describe both how

certain geochemical variables affect reactivity (e.g., conformational changes to a functional

group) and the driving forces for the reaction (e.g., whether growth is entropy-driven or

not). The work described in this dissertation shows that, when taken in concert, assessing

all three thermodynamic terms (∆H, ∆G, and ∆S) improves our ability to describe how

the cell surface and its metabolic cycle interact with local geochemistry, from oxic to hy-

drothermal systems.

Future Directions

This work has demonstrated that the gram-negative bacterium Shewanella putrefaciens strain

CN32 has a highly reactive surface, with three identifiable functional groups. It has also

shown that the reactive potential of the cell surface is measurably impacted by changes

in ionic strength – an effect that had previously been poorly constrained in the literature.

To expand on these insights, research is needed in multiple directions. For example, the

protonation effects of electrolytes with divalent cations would provide additional context

for how the surface reactivity may change under more complex conditions. In addition,

while it is evident that there is a conformational change on the amine group with changing
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ionic strength, these data do not describe the structural alterations to that group involved

and should be investigated more thoroughly.

This work has also demonstrated that CN32 can play a vital role in sequestering aque-

ous U(VI) through surface complexation reactions. Those reactions were found to be

strongly impacted by multiple geochemical variables applicable to most environments.

These data would be more widely applicable to natural systems if the effect of other diva-

lent cations could be considered. In addition, radionuclide waste streams can often have

very high concentrations of U (much more than the 10 µM considered here). Data concern-

ing the impact to cell structure (e.g., possible lysis of the cell) when U concentrations are

increased would help us better understand the impact of CN32 in highly enriched sites.

Moreover, the kinetics of the adsorption need to be quantified, as the time period over

which the U will stay adhered to the cell was not investigated but is necessary for the ap-

plication of these data to a real-world system. Lastly, the chemical fate of the adsorbed U

upon cell death needs to be described. Future work should characterize U geochemistry in

concert with lysed and partially lysed cells, as functional groups previously constrained to

the interior of the cell may come into play under those conditions.

Beyond describing surface complexation properties, this dissertation provides impor-

tant context for the growth of CN32, under both oxic and anoxic conditions. Overall, the

efficiency of CN32’s growth is strongly impacted by temperature, but that impact depends

on the metabolism involved, especially at lower temperatures, where O2-based growth

was found to be more sensitive to temperature changes. These data would be strength-

ened by a thorough quantification of biofilm production in aerobic and anaerobic systems.

In addition, since CN32 is known to utilize a wide variety of redox pairs, similar stoichio-

metric analyses, where the true growth stoichiometries are measured, with redox pairs

other than the lactate-O2 and lactate-Fe(III) considered here, would make the data more

broadly applicable to natural systems.

In addition to these bacterial data, this work also provides important constraints on the
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growth of a methanogenic archaean, FS406. Those data demonstrated that, while growth

is possible over a wide range of temperatures, its efficiency is maximized in the middle of

that range. These data are foundational in providing a basis for comparing growth to more

energy-taxing conditions, such as a lack of pre-fixed nitrogen. Thus, future work can build

directly from these data to understand how additional stress, such as the need to fix N2,

affects bioenergetics.
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Goldberg, R., & Wadsö, I., 2001. Standards in isothermal microcalorime-

try (IUPAC Technical Report). Pure Appl. Chem., 73, 1625–1639.

https://doi.org/10.1351/pac200173101625.

Goldberg, R. N., Kishore, N., & Lennen, R. M., 2002. Thermodynamic quantities

for the ionization reactions of buffers. J. Phys. Chem. Ref. Data, 31, 231–370.

https://doi.org/10.1063/1.1416902.

Goldberg, S., & Johnston, C. T., 2001. Mechanisms of arsenic adsorption on

amorphous oxides evaluated using macroscopic measurements, vibrational spec-

troscopy, and surface complexation modeling. J. Colloid Interface Sci., 234, 204–216.

https://doi.org/10.1006/jcis.2000.7295.
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Appendix A

SUPPLMENTARY MATERIALS

A.1 Chapter 2

Table A.1: Extrapolated enthalpies of hydroxide neutralization at each ionic strength ana-
lyzed, according to and interpolated from Smith et al. (2004)

Ionic strength (M) ∆H kJ mol−1

0.02 – 0.04 −56.02

0.11 – 0.13 −56.48

0.51 – 0.53 −56.65

Table A.2: Surface complexation model parameters and thermodynamic potentials for the 1-site model at low,
medium, and high ionic strengths. Standard error is reported.

IS (M) Site log(K) [C] (µmol/g) ∆G (kJ/mol) ∆H (kJ/mol) ∆S (J/molK−1)

0.02 - 0.04 L1 3.18 ± 0.73 −9 ± 0 −18.12 ± 4.19 −1988.92 ± 399.86 −6613.4 ± 1341.9

0.11 - 0.13 L1 6.99 ± 0.13 −9 ± 0 −39.90 ± 0.76 34.07 ± 0.87 248.2 ± 3.9

0.51 - 0.53 L1 6.48 ± 0.04 −9 ± 0 −36.95 ± 0.21 43.38 ± 0.39 269.6 ± 1.5

Table A.3: Surface complexation model parameters and thermodynamic potentials for the 2-site model at low,
medium, and high ionic strengths. Standard error is reported.

IS (M) Site log(K) [C] (µmol/g) ∆G (kJ/mol) ∆H (kJ/mol) ∆S (J/molK−1)

0.02 - 0.04 L1 5.52 ± 0.21 114 ± 5 −31.50 ± 1.21 −8.38 ± 0.74 77.6 ± 4.8

L2 8.88 ± 0.08 103 ± 5 −50.64 ± 0.48 −38.25 ± 0.68 41.6 ± 2.8

0.11 - 0.13 L1 5.97 ± 0.03 147 ± 3 −34.05 ± 0.18 −10.98 ± 0.65 77.4 ± 2.3

L2 9.11 ± 0.04 176 ± 8 −51.97 ± 0.20 −38.09 ± 0.66 46.6 ± 2.3

0.51 - 0.53 L1 5.60 ± 0.01 135 ± 1 −31.94 ± 0.04 −11.96 ± 0.49 67.1 ± 1.6

L2 9.31 ± 0.02 114 ± 4 −53.09 ± 0.10 −17.52 ± 0.69 119.4 ± 2.3
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Table A.4: Surface complexation model parameters and thermodynamic potentials for the 4-site model at low,
medium, and high ionic strengths. Changes in equilibrium constants of protonation (∆K) reflect the difference
between constants at 20◦C and 45◦C, as determined with Equation 8. Standard error is reported.

IS (M) Site log(K) [C] (µmol/g) ∆G (kJ/mol) ∆H (kJ/mol) ∆S (J/molK−1) |∆K|

L1 4.20 ± 0.04 27 ± 1 −23.94 ± 0.25 11.35 ± 20.23 118.4 ± 67.9 0.16

0.02 - 0.04 L2 5.01 ± 0.04 77 ± 5 −28.60 ± 0.24 −10.73 ± 4.16 60.0 ± 14.0 0.15

L3 7.00 ± 0.05 69 ± 1 −39.94 ± 0.28 −13.07 ± 1.75 90.2 ± 6.0 0.18

L4 9.47 ± 0.03 9 ± 5 −54.02 ± 0.16 −61.33 ± 1.93 −24.5 ± 6.5 0.86

L1 4.56 ± 0.10 102 ± 2 −26.00 ± 0.59 −8.10 ± 2.61 60.1 ± 9.0 0.11

0.11 - 0.13 L2 6.09 ± 0.37 74 ± 10 −34.73 ± 2.11 −8.20 ± 3.20 89.0 ± 12.9 0.11

L3 7.23 ± 0.26 55 ± 13 −41.23 ± 1.50 −21.68 ± 3.76 65.6 ± 13.6 0.30

L4 9.42 ± 0.07 170 ± 10 −53.76 ± 0.41 −49.98 ± 1.62 12.7 ± 5.6 0.70

L1 4.86 ± 0.03 117 ± 2 −27.71 ± 0.18 −10.30 ± 0.82 58.4 ± 2.8 0.14

0.51 - 0.53 L2 6.46 ± 0.04 64 ± 1 −36.87 ± 0.24 −14.20 ± 1.74 76.1 ± 5.9 0.20

L3 8.29 ± 0.19 25 ± 5 −47.31 ± 1.07 6.79 ± 7.10 181.5 ± 24.1 0.10

L4 9.87 ± 0.06 114 ± 4 −56.29 ± 0.35 −36.48 ± 3.97 66.5 ± 13.4 0.51

Table A.5: Statistical results from of the 3-site model, comparing enthalpies and entropies of each site as a
function of ionic strength. Overall values are shown first, from the F-tests, and represent the impact of ionic
strength on the results in general. p-values from the Tukey post-hoc analysis are shown subsequently for each
ionic strength comparison at each site.

Parameter Site Overall F-value Overall p-value Low v. Medium (p) Low v. High (p) Medium v. High (p)

∆H 1 3.54 0.03 0.86 0.04 0.11

∆H 2 1.54 0.22 0.98 0.36 0.25

∆H 3 282 ≪ 0.05 ≪ 0.05 ≪ 0.05 ≪ 0.05

∆S 1 2.4 0.09 0.72 0.09 0.35

∆S 2 0.82 0.44 0.79 0.86 0.41

∆S 3 211 ≪ 0.05 ≪ 0.05 ≪ 0.05 ≪ 0.05
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Table A.6: Statistical results of F-tests comparing 3- and 4-site model fits to potentiometric and ITC data.
Statistical significance (here, at 95% confidence) indicates the more complex (4-site) model was a better fit to
the data.

Potentiometric (P)/ITC IS (M) F-value p-value Optimal #-sites

P Low 1.81 0.17 3

P Low 16.59 ≪ 0.05 4

P Low 17.45 ≪ 0.05 4

P Medium 0.52 0.98 3

P Medium 66.70 ≪ 0.05 4

P Medium 22.24 ≪ 0.05 4

P Medium 12.70 ≪ 0.05 4

P High 96.26 ≪ 0.05 4

P High 70.00 ≪ 0.05 4

P High 5.47 ≪ 0.05 4

ITC Low 0.39 0.84 3

ITC Low 0.16 0.70 3

ITC Medium 0.00 1.00 3

ITC Medium 0.45 0.51 3

ITC High 2.40 0.14 3

ITC High 4.13 0.06 3
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Figure A.1: Example of CN32 cells suspended in a solution of sodium perchlorate at pH
4. Green and yellow-green cells are viable and red cells are non-viable. Importantly, both
viable and non-viable cells exhibit a nearly identical structure, indicating the surface of
non-viable cells was equivalent to that of viable cells. This inference is supported by the
potentiometric titration data, where stability constants and site concentrations were nearly
identical between initial and reversibility titrations, despite the loss of cellular viability.

Table A.7: Viability of CN32 cells over experimental conditions. A 5% error was assigned
to each value.

Condition pH Viability (%)

Post-washing ca. 6.8 72

Pre-intial titration 10 77

Post-initial titration 4 51

Post-reversibility titration 4 6
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Table A.8: Weight-to-Dry weight data. Error for average wet:dry ratio is standard error.

Replicate Wet Weight (g) Dry Weight (g) Ratio (wet:dry)

1 0.02892 0.00814 3.55283

2 0.06243 0.01597 3.90920

3 0.09626 0.02325 4.14022

4 0.13414 0.03261 4.11346

5 0.15248 0.03820 3.99162

Average ratio: 3.94147 ± 0.10575

Table A.9: ITC model output enthalpies of protonation using previously identified stability
constants by Sokolov et al. (2001) and Smith & Ferris (2003), with entropies of protonation
calculated from those values.

Reference Site log(K) ∆H (kJ/mol) ∆S (J/molK−1)

L1 3.72 ± 0.06 −11.8 ± 10.6 31.6 ± 35.6

L2 4.95 ± 0.02 −3.1 ± 2.6 84.4 ± 8.7

Sokolov et al. (2001) L3 6.64 ± 0.50 −18.6 ± 2.7 64.7 ± 9.1

L4 8.83 ± 0.02 −165 ± 14.2 −383 ± 47.6

L5 9.99 ± 0.01 −46.3 ± 7.4 36.0 ± 24.8

L1 3.62 ± 0.06 −8.7 ± 36.3 40.1 ± 122

L2 4.97 ± 0.03 −4.6 ± 3.4 79.7 ± 11.4

Smith & Ferris (2003) L3 6.92 ± 0.04 −28.2 ± 13.8 37.9 ± 46.3

L4 8.22 ± 0.02 −72.2 ± 14.2 −84.8 ± 47.6

L5 9.97 ± 0.07 −108 ± 11.8 −171 ± 39.6
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Table A.10: Ranges of thermodynamic properties for the protonation of characteristic sur-
face structures.

Structure log(K) ∆H (kJ/mol) ∆S (J/mol) Reference(s)

Carboxylic acid 4.76 – 6.66 −11.0 – 0.9 N/A Goldberg et al. (2002)

Carboxylic acid (in EDTAPA) 4.38 −12.98 40.3 Danil De Namor & Pacheco Tanaka (1998)

Polyphosphate 2.22 – 9.49 5 – 18.8 50.3 – 171 De Stefano et al. (2004)

Polyphosphate 2.96 – 13.07 −9 – 44.5 87.2 – 175.8 Sawada et al. (1993)

Amine (with adjacent carboxyl) 1.35 – 10.13 −99 – 15 −23 – 334 De Robertis et al. (1991)
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Figure A.2: Dissociation constants, concentrations, and T0
H distributions for each experi-

ment. Statistically significant effects of ionic strength, at 95% confidence, were observed
for K3, C1, C2, and C3.
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A.1.1 FTIR Results

For IR band c, deconvolution can help to establish the relative contributions of asymmetric

and symmetric bending of NH3 groups. Specifically, while the peak at c is maintained

(though slightly red shifted), at least four additional peaks are shown to contribute to the

spectral signature in this region. Those are centered at 1498, 1527, and 1571 cm−1. Grube

et al. (2008) showed that bands at 1527 cm−1 correspond to nitro aromatic compounds. This

suggests there is potential for multiple N-based vibrations, including the N-H and N-C

vibrations from the amide II band itself. The other two peaks, at 1498 and 1571 cm−1, while

less prominent, are assigned to symmetric bending of an NH3 group and a deprotonated

carboxyl group (Rahmelow et al., 1998).

As shown in Figure A.3, in the region containing IR bands g, h, and i, peak positions at

ca. 1118, 1084, and 1053 cm−1 were largely maintained. However, in between each of these

peaks, an additional peak influences the overall structure. Between g and h, there is a peak

at 1101 cm−1, and between h and i, there is a peak at 1074 cm−1. The peak at 1101 cm−1 is

consistent with asymmetric stretching of PO2−
3 . The peak at 1074 cm−1 may also indicate

PO2−
3 presence, or symmetric stretching of C-O-C or C-C bonds (Parikh & Chorover, 2006).
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Figure A.3: Spectral regions of biomass containing peaks c, g, h, and i. Vertical broken lines
indicate IR band assignments before deconvolution. A and C are at pH 4, and B and D are
at pH 9. The summed spectra are broken curves, and the constituent Gaussian peaks are
solid.
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Table A.11: 1σ error of peak locations.

IR Band(s)/pH Peak Error

c (pH 4) 1499 0.5
c 1513 0.3
c 1532 3.0
c 1550 1.4
c 1558 0.2
c 1567 0.5

c (pH 9) 1498 0.3
c 1524 1.2
c 1535 0.2
c 1543 0.2
c 1548 0.6
c 1570 0.4

g, h, i (pH 4) 1026 0.3
g, h, i 1054 0.5
g, h, i 1064 0.7
g, h, i 1086 0.1
g, h, i 1102 0.2
g, h, i 1117 0.2

g, h, i (pH 9) 1031 0.6
g, h, i 1056 0.2
g, h, i 1069 1.6
g, h, i 1086 0.1
g, h, i 1101 0.2
g, h, i 1118 0.4
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Figure A.4: FTIR spectra at each ionic strength investigated. Two spectra were taken at
each ionic strength. Band assignments are summarized in main text and did not change
with ionic strength.
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