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ABSTRACT

The primary goal of this dissertation project has been the study of metal affinity
interactions in metal recovery and bioremediation. During the first part of this research a
mathematical model that describes the affinity partitioning of metal ions in aqueous two-
phase systems was derived. The model has been used to calculate complex formation
constants between metal ions in solution and affinity ligands, satisfactorily describing their
partition behavior. Simulation using this model shows the great effect that pH has on the
partitioning of metal ions suggesting better conditions for the separation.

Work on metal affinity interactions has led to the pursuit of characterization studies
of metal uptake by microorganisms of relevance in bioremediation. The methanotrophic
bacterium M. trichosporium 0B3b a mutant culture (PP358) that expresses soluble methane
monooxygenase (sSMMO) independent of the external copper concentration have been the
subject of this research. Knowledge of substances and/or mechanisms that are involved in
the copper uptake by M. trichosporium 0B3b will greatly facilitate application of this or like
species to the bioremediation of hazardous waste.

Specifically, the role of an extracellular copper-binding biochelator (CBL) in copper
uptake by Methylosinus trichosporium OB3b has been investigated. Experiments included
the identification and physical characterization of the biochelator and elucidation of the
environmental factors that affect its production. The biochelator is apparently an aromatic,
low-molecular weight, hydrophobic molecule with high affinity and selectivity for copper.
Results indicate that the mutation in PP358 is unrelated to possible defects in biochelator
functionality and strongly suggest that the CBL is directly involved in the copper

acquisition mechanism of this methanotroph.
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Finally, an existing colorimetric method currently used in the qualitative
determination of sMMO has been modified and improved to provide additional quantitative
information. Until now, the instability of one of the products of the reaction on which the
current method is based has precluded the effective use of the assay as a quantitative tool.
Stabilization of the compound of interest has been achieved, allowing the successful
quantification of sMMO activity from M. trichosporium OB3b and propane

monooxygenase activity from the propane oxidizer M. vaccae JOBS.



CHAPTER 1

INTRODUCTION

1.1 Motivation
1.1.1 Affinity Partitioning in Aqueous Two Phase Systems

Since their introduction as a novel separation tool by Albertsson (1956), aqueous
two phase systems (ATPS) have been used successfully in several separation schemes, and
the number of applications has expanded tremendously in several areas. Most of the
research has been in the separation and purification of proteins, cells, cell organelles,
viruses, membrane fragments, and other biological materials (Walter et al., 1985; Miiller,
1985; Albertsson, 1986; Clark and Sandler, 1988; Goubran-Botros, et al., 1991; Rogers
and Eiteman, 1995). In addition to their use as a separation technique, aqueous biphasic
systems have been used to characterize surface properties of biomolecules such as charge

and hydrophobicity (Diamond and Hsu, 1992)

In many cases, a major problem in partition-based separation methods is the minor
differences in partitioning behavior for many biomolecules. Affinity-based interactions
have been used in some instances in an attempt to increase the selectivity in the purification.
This is usually accomplished by introducing a ligand into the system with affinity for the
substance of interest. The ligand must partition itself favorably into one of the phases.
Once binding occurs, the desired biomolecule preferentially distributes into the phase where
the affinity ligand is concentrated. Normally, in protein purifications, the ligand is attached

covalently to one of the phase-forming polymers, which ensures its primary distribution to
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one phase in the system. Chelating-polyethylene glycol (PEG) derivatives such as PEG-
imino diacetic acid (PEG-IDA) with affinity for metal ions have been used as a tool to
separate erythrocytes, heme-containing proteins and phosphoproteins (Wuenschell et al,,
1990; Goubran-Botros, et al.,, 1991; Chung and Arnold, 1991). Parallel to the
experimental development of phase partitioning, mathematical theories have been
described, essentially in all aspects of two-phase phenomena, including models from phase
formation to charged solutes and protein partitioning with and without affinity interactions.
However, modeling work in the area of metal ion affinity partitioning has not received
equal attention as its protein counterpart. This neglect is understandable when it is
considered that until recently experiments using aqueous biphasic systems to extract metal

ions from aqueous solutions have not been performed.

The first paper using ATPS for the extraction of metal ions appeared in 1984
(Zvarova et al.), and only a few more reports have been published since then. Most of the
relevant work so far in this area has been with PEG/salt systems. In analogy to protein
affinity partitioning, compounds that complex metal ions in solution have been used to
enhance their distribution in a preferred polymer phase, usually the PEG-rich phase. For
the most part, organic agents such as dyes, crown ethers and inorganic ions such as
thiocyanate, iodide and bromide have been the complexing agents of choice as the selective

extractants.

Several water-soluble metal affinity polymers (chelating-polymers) have been
synthesized in our laboratory to explore their potential in the separation of metal ions by
affinity partitioning (Aguinaga, 1992). The need to model these experimental results.

coupled with the challenge it represented motivated the project.
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1.1.2 Methanotrophic bacteria and their use in bioremediation.

Short-chain, chlorinated aliphatics are among the most common pollutants in
groundwaters and soils. Chlorinated methanes, ethanes and ethenes have been widely used
as industrial solvents without adequate consideration for their disposal and eventual fate in
the environment. Their toxicity and carcinogenicity motivated the establishment of
enforceable maximum contaminant limits (MCLs) for a number of halogenated compounds

in the low part-per billion range (Westrick ez al., 1984).

Methanotrophic bacteria are among the few microorganisms that can initiate the
aerobic degradation of TCE (Wilson and Wilson, 1985; Ensley, 1991). and represent one
of the most studied systems for this type of transformation. The initial step in the
metabolism of methane by methanotrophs is biochemically the most difficult one. Methane
is transformed into methanol in a reaction that is catalyzed by methane monooxygenase
(MMO). The environmental importance of this enzyme lies in its ability to catalyze similar

reactions involving several chlorinated organic compounds including TCE.

Only some methanotrophs produce both a soluble MMO (sMMO) and a particulate
(membrane-associated) MMO (pMMO) (Tsien and Hanson, 1992; Anthony, 1986; Koh er
al., 1993). sMMO is less specific than pMMO in selecting the substrates for oxidation
reactions; and consequently it can initiate the aerobic transformation of a wider range of
halogenated compounds. This lack of specificity also results in higher rates of degradation.
According to Ensley (1991), sMMO is among the enzymatic systems that exhibit the
highest known rates of biodegradation of TCE. Among the methanotrophs capable of
expressing SMMO, one of the most studied and characterized is Methylosinus
trichosporium OB3b. This strain can degrade TCE at a rate at least | order of magnitude

greater than those observed with other pure or mixed cultures.
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Contrary to what might be implied from the above statements, it is difficult to
establish conditions for sMMO-mediated degradation of TCE and other halogenated
pollutants using M. trichosporium OB3b or any other type [I methanotroph. Since pMMO
is of greater utility to the microorganism than sMMO, its expression is favored under
normal growth conditions. It is now generally accepted that the main factor controlling
which type of MMO is synthesized is the copper concentration in the growth media. When
there is an adequate supply of copper, pMMO is expressed. The presence of as little as
0.85 umol of Cu per gr cell dry weight is enough to inhibit the production of sMMO. Since
such copper levels are usually found in places where remediation is needed, methanotrophs
are unable to use sSMMO in most natural environments. This difficulty has prompted a
series of investigations aimed at developing alternate strategies for in situ stimulation of
sMMO-bearing bacteria. Phelps et al. (1992) subsequently reported the isolation of five M.
trichosporium OB3b mutants that exhibit constitutive sSMMO activity, even in the presence

of as much as 12 pM Cu.

Phelps's mutants have lost the ability to express pMMO and lack stacked
intracellular membranes characteristic of wild-type cells expressing pMMO. The mutants
were obtained after treating the wild-type colonies with a mutagen rather than being
genetically engineered. Lack of knowledge about methanotroph genetics makes the second
option infeasible. Even though an initial phenotypic characterization of the mutants has
been performed (Fitch et al., 1993), the exact nature of the mutation is still unknown. The
strain called PP358 was chosen from among the mutants in our experiments because,
according to Phelps er al. (1992), it is capable of TCE degradation at a rate aimost twice as
high as that of the wild-type culture grown in the absence of copper. Additionally, PP358
always exhibited a pattern of protein expression that resembled that of the wild type culture

when grown in the absence of copper.
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The first explanation regarding the nature of the phenotype mutation was provided
by Fitch er al. (1993). The authors suggested that the mutation arises from defects in
copper uptake and metabolism rather than from direct changes in the expression of sSMMO
or its stability. Their results showed that mutant cultures, contrary to the wild-type
behavior, did not have significant amounts of copper associated with the cell itself, either
on the surface or internally. Instead, most of the copper was present in the culture medium
in soluble form. This knowledge aided in the development of the initial hypothesis that the
mutant excretes a copper-complexing agent that keeps most of the copper soluble in the

media.

Investigation of the copper acquisition mechanism of M. trichosporium 0B3b is
relevant because of the potential use of methanotrophic bacteria for cometabolic treatment of
halogenated aliphatics. Additionally, this type of research is aided by the existence of
mutants capable of expressing SMMO at high copper concentrations. Knowledge of
substances and/or mechanisms that are involved in the copper uptake by M. trichosporium
0B3b will greatly facilitate application of this or like species to the bioremediation of
hazardous waste. Additional information relative to the structure of the requisite copper-
complexing agents may assist in designing such reagents. Development of fundamental
information relative to the mechanism of Cu(Il) acquisition may allow the encouragement

of in-situ biodegradation of toxic pollutants by capable methanotrophs.

1.1.3 Need for a simple and reliable method for sMMO activity determination.

Given the aforementioned importance of sMMO as an enzyme capable of initiating
degradation of recalcitrant pollutants, a reliable method for quantifying its activity is

absolutely necessary.
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Several methods exist to determine SsMMO activity quantitatively. Among the most
commonly used are the oxidation of cyclohexane to cyclohexanol (Colby et al., 1977) and
the conversion of TCE to TCE-epoxide (Little et al., 1988). While accurate, these methods
involve time-consuming tasks, like solvent extraction and gas-chromatography analysis,

that decrease their practicality.

Brusseau et al. (1990) introduced a colorimetric method for the qualitative detection
of sMMO activity that several investigators have attempted to extend to the quantitative
analysis of the enzyme (Bowman et al., 1993; Henryson and McCarthy, 1993: Bowman
and Sayler, 1994).

However, several limitations exist to the effective use of the colorimetric assay as a
quantitative method. The instability of principal products of the reaction on which the
current method is based is the primary disadvantage (See Chapter 6). Absorbance of the
reaction product at the wavelength of interest (528 nm) must be measured immediately after
addition of a necessary reagent to the test solution because decomposition of the product
starts as soon as it is formed. Decrease in absorbance at 528 nm occurs at such a high rate
that a delay in recording it for only a few seconds can produce a large difference in the
measured value. This potential variation of results renders the current colorimetric protocol

useful only for seem-quantitative analysis at best.

Clearly, the need exists for a quantitative method for the determination of sMMO

that carries the practicality of a colorimetric assay without losing accuracy or reliability.
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1.2 Research Objectives

Based on the several observations shown in the preceding section, the following

objectives are presented.

* Understand partition behavior of metal ions in aqueous two-phase systems when
affinity ligands are used. To that end, thermodynamic principles will be applied when
modeling such behavior.

* Establish the nature and physiological role of copper-binding ligands produced by M.
trichosporium OB3b and PP358, a sSMMO-constitutive mutant derived from the wild-

type organism. Results bear on the characteristics of the mutation in PP358.

* Develop a reliable, efficient and reproducible colorimetric quantitative assay for sSMMO.

1.3 Dissertation Organization

The work presented here is divided into five separate sections. This Chapter and
Chapter 2 provide context and background information regarding each individual research
project in this dissertation. The second section, Chapter 3, describes in detail modeling
efforts in metal affinity partitioning and their significance in designing better separation
conditions for metal ions in aqueous two-phase systems. Chapters 4 and §, the third part
of this document, describe experiments designed to illuminate physiological aspects of
external copper-binding ligands produced by the wild-type methanotroph Merhylosinus
trichosporium OB3b and PP358 mutants. The fourth section of this dissertation, Chapter

6, presents the development of a reliable quantitative colorimetric assay for sMMO and
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propane monooxygenase (PMO) activities. Chapter 7 contains the fifth and final part of

this work . Conclusions and suggestions for future work are presented.

Although it is intended that each chapter in the dissertation complements the others,
it should be noted that 2 modular approach has been followed and Chapters 3 to 6 can be

considered as complete articles that can be read independently of the rest of the dissertation.

Certain Chapters of this Dissertation are based on manuscripts submitted for
publication as follows:

Chapter 2: Guzman, R. Z. and C.M. Tellez, Affinity Partitioning of Metal lons in Aqueous
Biphasic Systems: Experimental and Theoretical Aspects in: “Aqueous Biphasic
Separations: Biomolecules to Metal Ions”, Eds. Rogers, R.D. and M.A. Eiteman,

Plenum Press, New York, 1995. and

Tellez, C.M. , Aguilar-Aguila, A., Arnold, R.G. and Guzman, R.Z., Fundamentals
and Modeling Aspects of Bioventing, in Bioremediation, Ed. S. Sikhdar, US

Environmental Protection Agency (in Press)

Chapter 3: Tellez, C.M., H. Cabezas, and R. Guzman. (1996). Modeling Affinity
Partitioning of Metal Ions in Aqueous Polymer/Salt Two-Phase Systems, accepted

for publication in Chemical Engineering Communications

Chapters 4 and S : Tellez, CM., Gaus, K.P., Aguilar-Aguila, A., Graham, D.W.,
Guzman, R. and R.G. Amold, “Isolation of Copper Biochelates From Methylosinus
trichosporiwm Ob3b and sMMO€ Mutants”, Submitted to Applied and Environmental
Microbiology.



CHAPTER 2

BACKGROUND

2.1 AQUEOUS TWO-PHASE SYSTEMS IN BIOSEPARATIONS

Even though the first report about aqueous two-phase systems was performed early
in this century by Biejerink in 1910 (Albertsson, 1985), their regular application to the
purification of biomolecules did not start until 1956 when the partial isolation of organelles
from cell extracts using a poly(ethylene glycol) (PEG)/potassium phosphate system, was
published (Albertsson, 1956). In the years that followed, it was the pioneering work of
Albertsson and collaborators that answered most of the questions related to the newly
rediscovered technique. Several studies were carried out to determine the effect of the sait
composition (Albertsson and Nyns, 1959) and the molecular weight of proteins and their
surface area in the partition coefficient (Albertsson, 1958;Albertsson and Frick, 1960).
Over the years, aqueous two-phase systems have been used successfully in several

separation schemes, and the number of applications has expanded tremendously.

One of the most popular aqueous two-phase system has been formed by PEG,
dextran and water. However, several other polymers like hydroxypropy! starch, pullulan
and polyvinyl alcohol have been used successfully to replace dextran due to its relative high
cost, (Luong and Nguyen, 1992). Some cellulose derivatives like methyl cellulose and
ethylhydroxyethyl cellulose have been utilized instead of PEG to form aqueous two-phase
systems at low polymer concentrations in large scale separations (Tjerneld, 1992). A
number of PEG/salt systems using sodium, magnesium and ammonium sulfate, potassium

phosphate and sodium carbonate salts have also been reported (Snyder et al., 1990).
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These systems have been applied to the separation and purification of proteins,
cells, cell organelles, viruses, membrane fragments, metal ions, and other biological
materials (Albertsson, 1986; Clark et al. 1988; Walter et al. 1985). Several investigators
have used aqueous two-phase systems in order to characterize surface properties of
biomolecules such as charge and hydrophobicity, (Diamond et al., 1992). The application
of phase partitioning to the fractionation of chromosomes has been described by Miiller
(1985)..Affinity partitioning is the branch of aqueous two-phase partitioning that has
received more attention in the past decade. An incredible amount of affinity ligands have
been synthesized to take advantage of this technique. Ligands attached to PEG have been
extensively described, examples are PEG-linked dyes, (Koppershlager, 1981), PEG-linked
antibodies (Sharp, 1986), and PEG-linked long-chain fatty acids (Shanbhag, 1979).
Similar derivatives for dextran as well as some procedures to synthesize new affinity
ligands have been presented by Harris (1985) and Harris and Yalpani, (1985).The use of
PEG-imino diacetic acid (PEG-IDA) and other PEG-derivatized metal chelators has opened
the doors to a new separation technique for biomolecules that show some affinity for metal
ions called immobilized metal ion affinity partitioning. Erythrocytes, heme containing
proteins and phosphoproteins are some purification examples of the technique, (Goubran

Botros et al. 1991; Wenschell et al.. 1990; Chung et al. 1991).

2.1.1 Two-phase Partitioning

Phase separation for polymer-polymer systems has been described in terms of the
attractive interactions between molecules of the same polymer and the mutual repulsion
between molecules of unlike polymers. Those interactions dominate the free energy of

mixing of the system. They overcome the entropy gain by free mixing of the molecules in
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solution since polymers have large molecular weights, and therefore large surface area

(Abbott et al., 1990).

A measure of the suitability of the separation of a particular molecule in a given
two-phase system is its partition coefficient (K). This value is the ratio of concentrations in
the top and bottom phases for the molecule. The success of aqueous two-phase systems
lies in the fact that most biomolecules partition favorably into one phase, or its partition
coefficient can be modified by changing some conditions in the system. Empirical evidence
has shown that K is a function of the choice of phase polymers, their molecular weight,
phase composition, system ionic composition, system pH and temperature among others,
(Baskir et al. 1988). Additionally, some physical characteristics of the molecule, like
charge, hydrophobicity, size and concentration, play an important role in the partition

process, (Albertsson, 1983).

2.1.2 Affinity Two-phase Partitioning

Selectivity in the purification can be increased in aqueous two-phase extractions by
introducing a ligand into the system with affinity for the substance of interest. This ligand
should partition favorably to one of the phases, in order for the process to be of use. The
technique is called affinity partitioning and bears many similarities with affinity
chromatography. Normally, the ligand is attached covalently to one of the phase forming
polymers, which ensures its primary distribution to only one phase in the system. However
several other approaches have been reported and will be reviewed here. The separation and

purification of metals is of particular interest and will be discussed in a section by its own.
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2.1.2.1 Extraction of Metals

Although aqueous two-phase systems were introduced more than three decades
ago, it has not been until recent years that they are being used to extract metal ions from
aqueous solutions . The first paper suggesting this possibility appeared in 1983 (Zvarova et
al., 1984), and relatively few more publications have appeared after that.

In the absence of any extractant or complexing agents, metal ions will tend to
partition favorably to the bottom phase in an aqueous two-phase system, with one notable
exception discussed below. In all the cases published in the literature for the partition of
metal ions in these systems, PEG and an inorganic salt have been used. Zvarova et al.
(1984) reported the partition coefficients of several metal ions at two different pH. and
invariably, all of them had a value lower than one, ranging from 0.126 for sodium to 0.71
for indium. This result is somehow expected since the bottom phase is the salt rich phase,
and it would provide a better environment for the highly solvated and charged metal ions
than the relative hydrophobic polymeric top phase. Also measured, were partition
coefficients of some anions (Br-,I-, PO43- and SCN-), and with the exception of phosphate
ion, all of them distribute favorably in the top phase. This was the starting point for the idea
of adding these anions to aqueous two-phase systems in order to extract metal ions that

form complexes with them.

It has been reported, however, a partition coefficient as high as 610 for technetium
as pertechnetate anion in PEG/sulfate and PEG/carbonate systems without the addition of
any chelating agent of any kind, (Rogers et al. 1993a). The explanation given for this
behavior refers to the tightening of the water structure surrounding this large, univalent,

unhydrated anion that could produce a saiting out effect from the bottom phase. This
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suggests , as pointed out by Rogers et al. in the original paper, that other metal ions, not
yet reported, could show a similar behavior.

Most studies of metal ion partitioning in aqueous two-phase systems involve the
addition of an organic extractant (chelator) or an inorganic complexing agent that bind the

metal ion and extract it to the top phase.

2.1.2.1.1 Inorganic Anions

The most common inorganic anions used to increase the partition coefficient of
metal ions in aqueous two-phase systems are thiocyanate, iodide and bromide. All of these

ions have been added to the system as the ammonium salt.

In general, thiocyanate has proved to be the best of all three anions, producing
partition coefficients in the range from 60 for Fe3+ to 1000 for Cu*+. These values are up
to two orders of magnitude higher than the values obtained using the other two anions.
Iodide complexes of some metals favorably partition in the top phase, providing ordinarily
better results than their bromide counterparts. Rogers et al. (1993a) provide an extensive
list of references where these and other organic chelators have been employed to extract

metal ions using two-phase systems.

2.1.2.1.2 Organic Extractants
2.1.2.1.2.1 Dyes

Dyes are one of the most common type of chelators used in metal partitioning. In
order for a particular dye to be successful in extracting metals it needs to partition favorably

to the top phase and it needs to have a relatively high association constant with the metal
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ions. Zvarova et al. (1984) reports that the presence of aromatic rings in the molecule aids
metal extraction. A wide variety of metal ions have been extracted using dyes. However
every report in the literature has focused on the extraction of actinides or lanthanides. The
lone exception will be mentioned below. The most common reagents in this category are
arzenazo III, alizarine complexone and xylenol orange. Generally, with an increase in
complexing agent there is an increase in partition coefficient of the metal involved. Several
studies have been carried out involving the three dyes mentioned above, and for all of them
there is a direct correlation between the amount of reagent added to the system and the metal
extraction, (Rogers et al. 1993a, Molochnikova 1992). In some cases an upper limit is
reached after which the there is no improvement in the separation, although it is not clear
from the experiments if that limit is a feature of the system or it is due to the gradual
depletion of free metal ion by the complexing agent until all the available metal ion has been
already extracted into the top phase.

The system composition has a strong effect in the partition of complexed metal
ions. Rogers et al. (1993b) report that arzenazo III extracts Am3+, Pu4*, U072+ and Th#+
in sulfate media but not in carbonate solutions. On the other hand, alizarine complexone
and xylenol orange were the most effective extractants for the same metal ions in carbonate
media. Sulfate and carbonate are the two most used salts, while PEG 2000 seems to be the
polymer of choice to form aqueous two-phase systems for these studies. Molochnikova et
al. (1992) have found that the nature of the alkali metal ion in the phase forming salt also
influences the separation. In a study involving a PEG/Carbonate system, a more complete
separation of f-elements was achieved when potassium, and not sodium carbonate was

employed, keeping every other factor constant.

Another important factor in the separation is the pH of the system. Rogers et al.

(1993b) mentions that a separation scheme for the actinides mentioned above is possible
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based on their differences in partitioning in the pH range from 3.5 to 4.5. Reduction of pH
is also a method to recover the metal ion from the top phase, because of the dissociation of
the metal-chelate complex. Differences in the behavior of some of the chelating dyes, like
alizarine complexone, xylenol orange and methyithymol blue, which are complexones of
the phthalexone type with close protonations constants and similar structure, has been
explained in terms of the relative stability of the metal ion- reagent complexes, (Rogers et

al. 1993a, Zvarova et al. 1984)

In the only report on the use of dyes in the separation of metal ions other than f-
elements, Zvarova et al. (1984) used several organic reagents to extract iron (III) in a PEG
2000/sulfate system. Some of the most efficient extractants were nitroso-R-salt, 7-chloro-
8-hydroxyquinoline-5-sulfonic acid, thoron and arzenazo III, in that order. It was not
apparent that pH was of specific importance for the first two reagents, but an optimum in
the range of 3 to 4 was found for the last two extractants. It was noted, however, that for
methylthymol blue, xylenol orange and hydroquinone complexone, which also extract iron
with high partition coefficients, a better separation was achieved, in general, at higher pH

values (6 to 8).

Aside from PEG/Salt systems, polymer/polymer systems have been used for
extraction of metal ions from aqueous solutions. PEG/Dextran systems were utilized to
separate zinc and some f-elements (americium and europium) in the presence of nitrate and
chloride solutions (Molochnikova et al. 1992). Again, alizarine complexone and xylenol
orange were found to be the best extractants. However, lower partition coefficients
obtained in these systems compared to their Polymer/Salt counterparts do not favor their

use.
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2.1.2.1.2.2 Crown Ethers

The research group in Northern Illinois University is the only one currently
working with crown ethers for the extraction of metal ions in aqueous two-phase systems.
This type of chelators has been used to extract mainly group 1 and 2 metal ions. Among the
crown ethers tested, 12-crown-4, 15-crown-5 and 18-crown-6, only the latter seems to

produce partition coefficients higher than one (Rogers et al. 1993c).

Several factors influence the relative distribution of the metal ions between the two-
phases. In every report on the subject, a PEG/Salt system has been used. The nature of the
salt however, could be the difference between a successful extraction or no separation at
all. From the system tested, PEG/NaOH has rendered the best results over PEG systems
with ammonium sulfate and potassium carbonate, at the system concentrations used.
Rogers et al (1993c) have associated this behavior with the total amount of phase forming
salt concentration in the system. Since NaOH requires the least amount of salt to form the
two-phases with PEG, this system produces the highest partition coefficients, in the

presence and absence of extractant.

In a study involving the cations Na, Ca, Rb, Sr, Cs and Ba in a PEG/NaOH system
with 15-crown-5 and 18-crown-6 as extractants, a relationship between the presence of
NOj3- and the partition coefficients of the ions was found (Rogers et al 1993d). Extraction
was markedly low with either crown ether when no nitrate salt was present in the system.
However when sodium nitrate was gradually added, a linear increase in the partition
coefficient occurred. Improved values were higher by up to one order of magnitude.

Enhancement occurred for all of the cations studied but sodium.

Although the partition coefficients reported so far for crown ethers in the extraction

of metal ions from aqueous solutions are not as high as with other techniques, they have
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proved to be a viable alternative for some cations that are not extracted with the usual
reagents. It is evident that more research needs to be performed to understand the
fundamental factors involved in the partitioning of cations in this systems. Research is
under way and started to produce results already. When trying to explain the absence of a
correlation between the partition coefficient of cesium with the amount of crown ether in the
system, Rogers et al. (1993c), discovered that the hydration enthalpy of a cation has a clear
influence on its distribution between the two-phases. Partition coefficients of six cations
from groups I and II were plotted versus their respective enthalpies of hydration. It was
found that the lower the enthalpy, the higher the partition into the top phase for a given

cation.

Crown ethers have also been tested in the extraction of some f-elements. Rogers et
al. (1993e) utilized 15-crown-5 and 18-crown-6 in a PEG 2000/ammonium sulfate system
to extract UO,2%, Pu#+, Th4+ and Am3+. A correlation was observed between the partition
coefficient of the metal ion and the crown ether concentration. Best results were obtained
for UO,2*, the least extracted cation was Am3+, with Pu4* and Th4+ lying somewhere in
between the two, in that order. Similarly to the work with group I and II ions. the best
extractant was 18-crown-6. Extraction, however, was not as desired, as evidenced by the
fact that only UO,2+ had a partition coefficient above one. The presence of nitrate ions in
this case did not render the expected results as with the alkaline cations, on the contrary,
decreased the distribution ratios of these f-elements ions. The study concludes that
molecular recognition might not play such a definite role in the actinide extraction with
crown ethers and suggests the use of crown ether-like ligands with N or S donor atoms that

would be able to form direct coordination complexes with these cations.
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2.1.2.1.2.3 Modified phase forming polymers

Several modification procedures for PEG have been well documented in the last
decade, (Walter et al. 1985). Most of them were directed towards the synthesis of ligands
to be used in affinity partitioning of proteins. With the introduction of immobilized metal
ion affinity chromatography (IMAC), several chelators for metal ions were synthesized for
column work on agarose matrices. (Porath 1988, Buckman 1981 and 1987). Among them,
only imino diacetic acid (IDA) was selected initially and attached to one end of a PEG
molecule. It was then used in immobilized metal affinity partitioning of proteins,
(Wuenschell et al. 1990, Birkenmeyer et al. 1991). However, it was not until 1992 that
Aguinaga employed this and other modified PEG chelators in the extraction of metal ions in

aqueous two-phase systems.

The extracting properties of these ligands are based on the chelating effect that some
of its individual atoms display by acting as electron donors. Oxygen and nitrogen atoms in
these molecules form coordination bonds with the metal ion in solution producing a metal
chelate. Chelates are much more stable than a metal complex due to the loss in free energy
when a ring is formed. The IDA ligand is tridentate and can form a double five-membered
ring chelate with hexacoordinate metal ions, while TED (tris-carboxymethylated ethylen
diamine) is pentadentate and capable of forming four five-membered rings (Porath 1992).
These ligands work better with transition metal ions that have several possible coordination

sites and act as electron acceptors in the presence of this type of extractants.

Aguinaga (1992), reported on the use of imino diacetic acid-polyethylene glycol
(PEG-IDA), L-aspartic acid polyethylene glycol (L-Asp-PEG), tris-carboxymethylated
ethylen diamine polyethylene glycol (TED-PEG) and carboxymethylated (tris(2-
aminoethyl) amine) polyethylene glycol (Cm-TREN-PEG) in the extraction of Cu2+*, Zn2+,
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Co2+ and Ni2+. PEG 8000/sodium sulfate system were used in the study. The
corresponding PEG-chelator was added to the system in a proportion such that it was 5%

of the total polymer by weight.

As mentioned above in the case of dyes, the efficiency in the metal extraction
depended on the stability of the complex between the metal ion and the modified PEG, and
the relative distribution of the ligand between the phases. In general, the modified polymer
partitioned favorably into the top phase.

PEG-IDA and PEG-TED were found to be the best extractants among all ligands
tested, with the former performing slightly better than the latter. In general, metal partition
coefficients increased more than two orders of magnitude compared to values obtained
when no extractant was added to the system. The best extracted metal ion was copper with
a partition coefficient of 45 with IDA-PEG, and the worse was cobalt with only a value of

2.7 with the same ligand.

The technique is far from perfect, and several improvements can be made to
increase the efficiency of the extraction process. The higher the molecular weight of the
modified PEG molecule and the lower the molecular weight of the phase forming polymer,
the higher the partition coefficient of the ligand. New modified polymers can be
synthesized with a different functional group in each end adding flexibility to their use.
Additionally, further research is needed to determine the specificity of the ligands towards
given metal ions, evaluating the extraction when several transition metal ions are present in

solution.



41

2.1.2.1.2.4 Surfactants for Metal Oxides

Recently, a new application of aqueous two-phase systems in the purification of
metals has emerged. Chaiko et al. (1993), report the use of PEG 3400/Sodium Sulfate two-
phase systems to separate colloidal plutonium particles from some commonly occurring
materials in plutonium residues. Polymeric plutonium (used as a stand-in for particulate
PuO3), was quantitatively isolated from mixtures of Pu(IV)/SiO; and Pu(IV)/graphite. In
both cases the plutonium was present in the bottom phase with partition coefficients
ranging from 0.009 to 0.04. On the other hand, silica and graphite both partitioned to the
top phase with distribution ratios of 104 and 103 respectively.

In general, most of the particulate metal oxides (diameter less than Ipum) tested in
the study by Chaiko , partition to the bottom phase, with the notable exception of silica.
The explanation given in the original paper relates the heat of immersion(AH;) with the
partition coefficient. Solids having low values of AH;, like silica, partition into the top
phase while those with large values prefer the bottom phase. In an attempt to modify such
behavior, several surfactants like sodium dodecyl sulfate and sodium dodecyl benzene
sulfonate, were used, however unsuccessfully. The addition of these reagents to aqueous
two-phase systems containing TiO2, Al,O3, and Fe;O3, left their partition coefficients
(<0.005) unchanged. Assuming that the electrolyte ions present in the system would
prevent the ionic surfactants used from adsorption onto the metal oxide surfaces, Chaiko
and coworkers added to the system surfactants that chemisorb trough covalent bonding.
The separate addition of dilute solutions of oleic acid or sodium silicate increased the
partition coefficients of TiO2, Al2O3, and Fe;03, from less than 0.0001 to greater than
200. While these results are preliminary, they indicate the feasibility of separating uitrafine

particles by modifying their surface properties using aqueous two-phase systems.



Among the metal extraction techniques discussed above, each has advantages and
disadvantages over the other. However, they have been employed under different
conditions, dyes have been used with actinides and lanthanides, crown ethers have been
used additionally with group I and II cations and modified PEG ligands for transition metal
ions. Aside from the relative efficiency of each process, perhaps the most significant
difference of importance in the scaling up process is that dyes may be expensive and
potentially toxic. In addition, they are not specific and would extract most of the metal ions
present in solution, while crown ethers and modified PEG could be tailored to extract only

one of them if needed.

Several purification approaches in affinity chromatography have been successfully
translated to affinity partitioning. The use of hydrophobic and dye ligands as well as
immobilized metal ions have expanded the potential of affinity extractions as purification

and separation tools.

2.1.3 Modeling Partitioning in Aqueous Two-phase Systems

In order to fully benefit from the multiple advantages of aqueous two-phase
partitioning, several investigators have proposed models to predict phase formation and the

behavior of a number of molecules in these systems.

2.1.3.1 Modeling phase diagrams

The most common approach to predicting phase separation is to use a

thermodynamic model for the Gibbs free energy of mixing, (AGp). In the case of polymer-
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polymer systems, when this value is negative, the two polymers will mix with water and
only one phase will result. If AGy, is positive, phase separation will occur. Flory and
Huggins developed a simple statistical mechanical treatment for polymer solutions in the
early 1940's. It has been the base for most of the predictive work done in this field.
According to this theory, the polymers are linear, monodisperse, long chained random
coils, formed by several monomeric units. The solvent as well is treated as monomeric.
They represent the orientation of the polymer and the solvent in a single lattice, in which
each cell may be filled by a solvent molecule or one of the segments of the polymer (Flory
1941, Huggins 1941).

Among the recent investigators that have used a modified Flory and Huggins
theory, Diamond and Hsu (1992a and 1992b) have proposed a model for the systems
PEG/Dextran and Ficoll/Dextran. They determine the phase compositions by calculating the
partition coefficients of each polymer with the following equations:

In(Ky) = A(w"-w'y)
and

In(K32) = Axy(w"1-w'2)

where,

Ar=my(a(1/my - 1 +2%Xo)) +2 0020 (V/mp - 1 + Xy + Xg3 - L12)

Ay=mp(op(1/ma-1+2%02) +2 020 (1/my - 1 +Xgp + X2 - X12))
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where: K; = w"}/w'], w; is the weight fraction of species i, mi is the molar volume of
species i to that of water, X;; is the Flory-Huggins interaction parameter for species i and j;
o and ¢ are constants, the single and double superscripts refer to the bottom and top
phases respectively. PEG is defined as species 1 and dextran is species 2. The quantity

(w"1-w'1) is referred to as the PEG concentration difference between the phases.

Most representations of polymer behavior in aqueous two-phase systems involve
the equality of the chemical potentials in each phase. At a given system temperature and

pressure, they are:

wi(T, P, m)=ui(T,P,m"); For any component i, i=1.2,..n
where,

n = number of components.

;i (T, P, m) = chemical potential for any component i

m = set of molalities in each phase

The single and double superscripts refer to the bottom and top phases respectively. The

chemical potential (Kj) of any component in the system is given by:

1i(T, P, m) = u%(T, P) + RT In a;



where pu9; is the chemical potential of pure component i in its standard state and a; is the
activity of the same component, and  is the set of concentrations. Therefore, by having a
model for either the chemical potential or the activity, phase separation can be predicted.
Other mathematical descriptions for these quantities (or the Gibbs free energy) include the

UNIQUAC and the Edmond and Ogston models.

Kang and Sandler (1987, 1988a and 1988b) have proposed a model that applies the
UNIQUAC concept to phase separation in aqueous phase systems. According to this model

the activity for a component i is given by:

Inaj=In®’j +@2)M; qj ln(05/05)+Mj Ij -Mj ¢ /%) I't x¢

+M; qj (1-In(Z (O, Tkj ) -Z (O Tk /ZO'm Tmk ) )

where,

¢'j =(r'jxj-/2 rj xj )

and

0 =(qjx/Z qjxj)

Here aj denotes the activity of component j, r'j and q'j are the volume and surface
area parameters of the j constituent per unit mass, ¢ '; and 9',' are the volume and surface

area fractions and xj is the weight fraction of species j. Additionally, I'; and Tj; are given

by
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j =@2) (5-qj)-(rj-(1/Mj))

Tik = exp ( - Aj/T)

where

Ajk=Ujk-Uk)/R

where Uj; is the interaction energy between i and j molecules or segments of polymer

chains, and z is the coordination number, usually set equal to 10.

In order to include the effect of polydispersity, which invariably occurs in polymer
solutions, Kang and Sandler (1988b) developed a model that represents polymers as
pseudocomponents chosen by a generalized Gaussian quadrature method. They employed
the UNIQUAC model and found that it satisfactorily represents the phase behavior of

PEG/Dextran systems.

Edmond and Ogston (1968), developed the first model for phase behavior based on
the McMillan-Mayer theory. Strictly, it was valid only for a system under its own osmotic

pressure. The chemical potential of the polymers is written as:

Ay =RT(nmy + a3gm2 + a33m3y)

Au3=RT (nm3 + az33m3 + a3 my)



where m is the solute molal concentration; and a3, a33 and a3 are interaction coefficients
characterizing the interaction of two polymer type 2 molecules, two polymers type 3
molecules and one polymer type 2 and one polymer type 3 molecules, respectively. Ap
represents the difference between the chemical potential of component i in the system, and
that in a standard state. The chemical potential of water is obtained from the Gibbs-Duhem
equation. The interaction coefficients are related to the traditional osmotic second virial

coefficients Ajj by

2A;; = 1000 aji/ (M; M)

My represents the molecular weight of species k.

Cabezas et al. (1989 and 1990), proposed a model based on the solution theory of
Hill for a PEG/Dextran system. It is similar to the model of Edmond and Ogston, but is
rigorous for constant temperature and pressure, it accounts for the polymer molecular
weight dependence of the phase diagram. It also considers the effect of polydispersity of
the polymers. Additionally, they have included the effect of the presence of a dissolved salt

in the system. Their model expressions are:

ud=u°d+RT(lnmd+2Cddmd+2Cdpmp+2Vstsm5+(3/2)Cdddm2d)
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us--uos"’RT(Vslnm+.s+2v25Cdde+2v5Cdsmd+2vSCpsmp
+(3/2) v3;Csssm 25 + Vs Inyir)

p.w=u.°w+RT(’np+Md+vSmS +VSlnm+.s+Cddm2d+Cppm2p+v25Css

mzs

where the subscripts d, p and s indicate dextran, PEG and salt respectively. u°; is the
chemical potential of component i in pure water, Vs is the number of ions in the salt, Cj
is the second osmotic virial coefficient for components i and j, Cij; is the third osmotic
virial coefficient for component i, m g is the mean molality of the salt, In Y5 contains the
contribution from electrostatic forces between the ions and LR is a term to account for long
range interactions, it is a function of In YIfs. A simple extension of this model predicts the
phase diagram of an aqueous two-phase system formed by a salt and a polymer. Forciniti

and Hall (1990) have applied Hill's solution theory in a similar fashion.

Even though several different attempts have been made to predict phase diagrams, a
general thermodynamic expression has not been developed. However, some models
mentioned above have been modified to predict the partitioning of other materials between

the phases. These models, along with some others will be described in the next section.
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2.1.3.2 Modeling partition of proteins

The Flory-Huggins and the Edmond-Ogston models have been extended to include
four components (the other three being water, and the two-phase forming substances), to

describe the behavior of proteins in aqueous two-phase systems.

King et al. (1988) have proposed a model based on a modified theory of Edmond-
Ogston to describe the partitioning in polymer/polymer systems very dilute in protein.
When the concentration of the protein is close to zero, and is much more smaller than the
concentration of both phase forming polymers, the protein partition coefficient (K ) is

given by:

In Kp=azp (m">-m'2 ) +a3p (m"3 -m'3) +2p F (P -®')/RT

where m; and mj are the corresponding concentrations of the polymers and a;j is the
interaction coefficient of species ¢ with species j. The last term considers the effect of an
electrical potential ® between the phases, caused by the uneven partition of some salts
added to buffer the system. The model did not explicitly consider the interactions between
ions and polymers but provided an attempt to take into account electrostatic effects in these
systems. The model qualitatively predicted the partitioning of lysozyme, bovine serum

albumin, and O-chymotrypsin in a PEG/dextran two-phase systems.

Brooks et al. (1985) developed a lattice model by extending the Flory-Huggins
theory applicable to protein partitioning. They consider a four-component system

containing water, and three polymeric solutes, one of which is the protein. Again, the
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assumption of dilute solution and low concentration of the protein relative to the other two

polymers is made. The partition coefficient (K) is given by:

InK=P4 { [Q11-012] (1-X 1/2) + [ G21- 221 [( 1/P2) - X 214]

+[ §31- §32] [( 1/P3) - X 3/4]

where §j; is the volume fraction of component i in phase j. X i/j is the interaction energy
(Flory-Huggins interaction parameter) for a segment of species i interacting with a segment
of species j. P; is the number of lattice sites occupied by a single molecule of species i.

Subindex 4 refers to the protein, | to the water, and 2 and 3 to the phase forming

polymers.

In another model based on Flory-Huggins thermodynamics, Diamond and Hsu
(1990 and 1992a) developed the following relationship for the protein partition coefficient

(K):

In K/ (w"] - w']) = A* + b* (W"] - w'])

where A* is a function of protein and phase forming polymer molecular weight, protein
charge, protein-water, protein-polymer and protein-protein interaction parameters, pH,
electrostatic potential difference between the phases and salt type and concentration. b* is a

function of the protein molecular weight and charge, the polymer-water interaction



parameters, and electrostatic potential difference between the phases and salt type and
concentration as well. As mentioned above, the quantity (w";-w';) is referred to as the

PEG concentration difference between the phases.

This model correlates well with protein partition data from the literature in
polymer/polymer and polymer/salt two-phase systems. It is the most clear representation of

the effect of the phase forming polymer in the partition of proteins.

Forciniti and Hall (1990) have also extended their model for phase separation to
protein partitioning. It is supported on a osmotic virial-type expansion as that described by
Cabezas et al. (1990), also based on the constant pressure solution theory of Hill. They
investigated the influence on the protein partition coefficients of the protein and phase
polymers molecular weights, and only recently, the effect of temperature, (Forcinity and
Hall, 1991). They found that the influence of the temperature is highly dependent on the
kind of protein partitioned but in general, the partition coefficients increase with increasing
temperature. They have traced the temperature dependence of the partition coefficient in
their model, to the temperature dependence of the protein-polymer second virial

coefficients.

Abbott et al. (1990 and 1991) have proposed a novel description of the interactions
between proteins and phase polymers using a scaling-thermodynamic approach. They used
scaling arguments to provide the connection between the polymer-polymer and polymer-
protein molecular interactions and the protein partition coefficient. They have studied the
effect of polymer size, type and concentration on protein partitioning, and in the process
they have described the changing nature of the polymer with increasing molecular weight,
from a random coil to a entangled web. When this happens, the properties of the polymer

solution are no longer those of the individual polymer coils. They have obtained
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experimental data that supports this proposition in the limit of high polymer molecular

weights.

Baskir et al. (1987, 1989a) proposed a model based on the modified lattice theory
of Scheutejn and Fleer, to take into account polymer interactions with particles of arbitrary
size and shape in polymer/polymer two-phase systems. The model assumes that the protein
is in the center of a curved lattice (with the shape of the protein) and is surrounded by
concentric shells of lattice sites. These sites are occupied by either solvent molecule (taking
only one space in the lattice) of polymer molecules, filling a number of connected sites

each.

The model allows calculations of partition coefficients explicitly as a function of
molecular weight of the phase polymers, size and shape of the protein, and energy
parameters describing the segment-surface and segment-solvent interaction energies for the
two polymers. The model has been used to calculate partition coefficients for proteins in
PEG/Dextran two-phase systems and solubility curves for proteins in PEG solutions. It
describes well the experimental data on protein solubility curves as a function of polymer
molecular weight. Other similar thermodynamic models have been reviewed by Baskir et
al. (1989a)

Albertsson (1986), has proposed that the partition coefficient of a biomolecule in an
aqueous two-phase system could be represented as a function of additive contributions as

follows:

In K = InK, + In Kejec + In Knfob + In Kbpijosp + In Kconf
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where elec, hfob, size, biosp and conf refer to electrochemical, hydrophobic, size,
biospecific and conformational contributions to the partition coefficient from both the
protein structural properties and the surrounding environment of the system. Another form

to express that partition coefficient is then:

In K = In Kenvironment + In Kseructure

The environment conditions influencing the partitioning include: salt and type
concentration, pH, phase forming type, molecular weight and concentration, possible
polymer derivatives present like charged, affinity or hydrophobic ones, temperature and
gravity. The structural properties of the protein include molecular weight, primary,
secondary, tertiary and quaternary structure, net charge, hydrophobicity and other surface

properties, (Diamond and Hsu 1992).

Following this approach, Eiteman and Gainer (1991a) have proposed a model for
the partitioning of molecules based on their relative hydrophobicity. The following relation

was derived for the partition coefficient (K):

RT In K = (0 + Af) Aw

where Olp is a phase constant that depends on the phase system, but is independent of the
concentration of the phase components. Aw; is the concentration difference between the
phases of the main component in the top phase. Af is the total relative hydrophobicity of

the of a large molecule composed of several constituent molecules bound by condensation



reactions. The model is based on the linearity of the partition coefficient of a homologous
series of compounds with the free energy required to transfer the monomeric unit of the
series between the phases, (Zaslavsky et al. 1981). The relative hydrophobicity is
normalized by selecting a solute which has been arbitrarily assigned a value of Af = 0. Data

from this solute is then used to calculate the phase constant.

The model has been successful in predicting partition coefficients of several
aminoacids, peptides, esters and alcohols at system conditions that render them neutral
(Eiteman and Gainer 1991b and 1992). However when the solutes are charged, at high

system pH's, the predictions deviate from the experimental data.

In order to deal with the problem of the charge in some solutes partitioning in
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aqueous two-phase systems, Eiteman (1994) have developed a correlation that allows the'

calculation of partition coefficients of multicharged solutes when the partition coefficient of

the neutral species is known:

m n

X+ X, +2xj_
i=1 j=1
m n

x, +2xi+ +2x,--
i=1 j=1

K=k

where m and n are the maximum number of positive and negative charges that the solute
can have depending on the pH of the solution respectively. xj; and x;. are the mole
fractions of the solute bearing i positive charges and j negative charges respectively. Single
and double superscripts represent top and bottom phases in that order. x, is the mole

fraction of the neutral solute and k is the partition coefficient of the uncharged molecule.



The mole fractions are expressed in terms of the activities and activity coefficients,

and these in turn are obtained from equilibrium constants (Kp and K):

Kbi = (aG-1)+ an+) / aj+ For a positively charged solute, and

K¢j = ( aj- ag4) / aj-1)- For a negatively charged solute.

In order to calculate the partition coefficient of the muiticharged solute in this
fashion, the knowledge of the equilibrium constants, pH and partition coefficient of the
neutral molecule are only needed. The model qualitatively described the partition behavior
of several polypeptides in a polymer/salt two-phase system. It is, nevertheless, an
important attempt to account for the effect of the pH in protonating and deprotonating
species in these systems. The model shows what the effect of the charge in the partitioning
process would be: the partition coefficient of negatively charged solutes will be higher and

that of positively charged ones will be lower than their neutral counterpart.

2.1.3.3 Modeling Affinity Partition

The first affinity partition model that appeared in the literature was proposed by
Flanagan and Barondes, (1975).They consider the change in Gibbs free energy (AG) for
the transfer of 1 mole of the complex ligand-biomolecule from the top to the bottom phase
as the sum of the individual free energy changes in the process. The total value will be

given by the energy change for dissociating the complex in the top phase, transferring the
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dissociated species across the interface (ligand and protein separately), and then

reassociating the complex in the bottom phase.

AG = AG) + AGy + AG3 + AGy

where AG; is the change in free energy for each process described above. They can be

written in terms of an equilibrium constant (Q):

AG; =-RT In Q;

For the phase transfer operation, Q; represents a partition coefficient of the involved
species (Kj), and for the association and reassociation steps, Qj is the equilibrium binding
constant (k,). After expressing the equilibrium constants in terms of the species
concentrations, the partition coefficient of the complex ligand-biomolecule (Kpy ) can be
described by the following equation, in the special case of a biomolecule interacting with

two ligands:

K —_ K 1+IIGT.T / KH.T ’
PR 1+lmr,T / Ka,BKL



where Kp; is the partition coefficient of the biomolecule with no ligand present, Liq, is the
total ligand concentration in any phase. Ky  is the partition coefficient of the free ligand and
Ka is the dissociation constant of the enzyme biomolecule-ligand complex. Subscripts T

and B refer to the top and bottom phases respectively.

In 1985, Brooks et al. proposed a more general model, that did not assume equal
dissociation constants for the complex in both phases. They expressed the partition

coefficient of the biomolecule (Kp) in the usual manner, as:

Kp= Mior,T Miot.B

where My is the total concentration of biomolecules for that phase. They assume that the
biomolecule has n possible binding sites and that at any given conditions it can have /
number of them occupied by the ligand. They express this total concentration of

biomolecule (M; ) as

IMi=My(1+K,L)n

where K; is the dissociation constant, and L is the total concentration of ligand, M; is the
concentration of biomolecule with i sites occupied by ligand, and M, is the total

biomolecule concentration in the system. Substituting the above equation in the partition
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coefficient expression for each phase, and rearranging, the following expression is

obtained:

Km= Ko {1+ K, TLT }n/ {1+ K,BLB }n

where K, is the partition coefficient of the biomolecule with no ligand present. If the ligand
concentration in both phases is very high, then all of the biomolecules will be saturated and

the above equation reduces to the Flanagan and Barondes model.

However, even with the improvement that Brooks and coworkers model brought,
by not assuming identical dissociation constants in each phase, some experimental data
reported in the literature did not follow some of its predictions, (Clark and Sandler 1988;
Baskir et al. 1989a). Disagreement was attributed to the assumption that the binding
constant for each ligand molecule was equal (Baskir et al. 1989a). It would be expected that
the ligands could interfere sterically with each other if they are bound to high molecular

weight polymers. This situation could make the binding of the first ligand stronger.

Cordes et al. (1986) presented a model that addresses that deficiency. They start the
development of their model by making a balance of total affinity ligand and biomolecule,
adding up free and all bound species. They consider as well a biomolecule that has n
binding sites. In a treatment similar to that of Brooks et al. (1985), they derive the

following equation.

58



K — K 1+IIOI,T / Ka,T '
PoTR 1+, 71K, pK,

This expression, however, did not fit some of their own experimental data. They proposed
instead, the inclusion of a second dissociation constant for the case when the biomolecule

had two binding sites. The partition coefficient is then given by:

1+ thot,T / KaI,T + Lfot,T / Ka],TKaZ,T

K,=K
: " (]+ Llot,T / Kal,TKL )2

Cordes et al. (1986) also derived the equations for the partition coefficients of the

biomolecule assuming four and six different binding sites.

Clark and Sandler (1988) also proposed to treat affinity partition following
Albertsson's suggestion of adding contributions to the partition coefficient. They used
Brooks model (Brooks et al 1985) to represent the affinity effect. The expression for the

partition coefficient of a biomolecule becomes:

InK=1InKo+1In {(1+ka L) /(1 +k", L) +ZFA® /RT

59



60

Ko is the partition coefficient in the absence of affinity ligand and charge in the
biomolecule. The last term accounts for charge effects. Z is the net charge of the molecule,

F is the faraday constant and AD is electrical potential difference between the phases.

Firary reported (Carlson 1988) an improvement over the Brooks model. It is a
special case of the Cordes et al.(1987) model when the biomolecule contains only one

binding site. The expression for the partition coefficient of a biomolecule (Kp) is:

Kp= { KeKp/Lo+Ke1Lp/Lo } / { Kp/ Lo+ Lp/Lo }

L, is the total ligand concentration in the system, K. is the partition coefficient of the
biomolecule in the absence of ligand, K is the binding constants for the complex protein-
ligand in the bottom phase and K. is the partition coefficient of the complex. The model
was used to model the partition ofipepsin in a hydroxypropyl dextran/dextran system using

pepsatin as affinity ligand.

Baskir et al. (1989a, 1989b) have taken a different approach to modeling affinity
partitioning. They developed a lattice model for examining the interaction of the affinity tail
of the ligand (in this case a phase forming modified polymer) with the biomolecule and the
solution. The model allows to calculate the binding energy of a polymer ligand as a
function of the affinity tail length, the biomolecule size and the polymer concentration in the
surrounding phase. They have used their own model for phase formation, (Baskir et al.
1989a) to calculate the phase forming polymer concentration profile near the biomolecule.
By using he model they are able to show that the binding of the affinity ligand to the

biomolecule should be weaker in the phase which is rich in the phase forming polymer to
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which the affinity tail is attached. This is in agreement with the experimental data of Cordes
et al. (1987).

Recently, Chen and Jen (1993), reported a model for affinity partitioning which is
identical to that of Firary (Carlson 1988), except for the notation. The protein partition

coefficient (Kp) according to their model is given by:

Kp={ KpoKpB/Lo +KpLLp/Lo } / { Kpp/ Lo+ Lp/Lo }

where Kpp is the binding constant for the complex protein-ligand in the bottom phase and
Kpr is its partition coefficient. Ky, is the partition coefficient of the protein with no affinity
ligand present, L, is the total ligand concentration, and the subscript B refers to the bottom
phase. The ratio Lp/L, is calculated separately by solving simultaneously the mass balances

for protein and ligand.

They used the model mainly for predictive purposes, varying parameters to
illustrate the influence of the partition coefficient of the ligand, the ratio Kpg /L, and the
ratio of total protein to total ligand in the partition coefficient of the protein. They indicated
that the ratio of the dissociation constant of the protein ligand complex to total ligand
concentration should be lower than 10-3 and the ratio of total protein to total ligand

concentrations should be lower than the unity to obtain the best results in the partitioning

process.



2.1.3.4 Modeling immobilized metal affinity protein partitioning

In 1990, Suh et al., (1990a, 1990b), presented a model for metal affinity
partitioning. It is an extension of the theory by Cordes et al. (1987) to account for
inhibition of the binding sites in the protein to which the affinity ligand binds. They
consider hydrogen ions as inhibitors of the free base form of the imidazole ring in histidine
residues that is responsible for the protein binding to the immobilized metal ion, in metal
affinity partitioning. It considers the protein having n independent binding sites, and the
same asséciation constant between the metal ion and the surface-exposed histidines for each
site. In their model, the pK, of the imidazole ring is the same for all histidine residues as

well.

A mass balance is performed for the protein and then using the definition of
partition coefficient and dissociation constant for the protein-ligand complex the equations
are expressed in terms of known quantities. Then, by assuming that the pH is the same in
both phases, and that the free ligand concentration is greater than the concentration of the

ligand bound to protein, the following equation for the partition coefficient (K) is derived.

ln(K)=nln —RT]
K, 1+K, ——~ M _+K,H

where K, is the partition coefficient of the protein in the absence of affinity ligand,

R is the volume ratio of the top and bottom phases, Mt is the total metal concentration, H
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is the Hydrogen ion concentration, Ky is the partition coefficient of the ligand, and K, and
Ky are the intrinsic association constants for the metal and hydrogen ion, respectively.

Again, prime and double prime denote the top and bottom phases respectively.

The expression was used to model experimental data for the partition coefficients of
horse myoglobin, whale myoglobin and cytochrome c from Candida krusei, at different
hydrogen and affinity ligand concentrations, in a PEG/Dextran aqueous two-phase system,
using the complex polyethylene glycol-iminodiacetic acid-Cu (Cu-IDA-PEG) as the affinity
ligand. |

The authors have extended the model for the case other aminoacids beside histidine.
Their results show affinity for the immobilized metal ion, as has been reported for cysteine
or tryptophan, (Wong et al. 1991). They consider that the protein can ‘have m binding sites
with a me;al association constant Kp, and hydrogen ion association constant Ky p, for
cysteine for example; and n sites with a metal association constant K,, and hydrogen ion

association constant Kq ,, for histidine. In that case the expression developed is:

K I+K.M +K, H 1+K,M +K,, H
In =nln — . +mln — :
K, I+K.M +K, H I+K,M +K, H

For a more detailed review of metal ion affinity partitioning see Guzman and Tellez

(1995).
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2.2 METHANOTROPHIC BACTERIA
2.2.1 General Characteristics

Methanotrophic bacteria are a subset of methylotrophs, which utilize compounds
containing one or more carbon atoms but no carbon-carbon bonds (Hou, 1984).
Methanotrophs include all species that are able to grow using methane as a sole source of
carbon and energy. They are virtually ubiquitous in nature but exist in very high numbers
only at interfaces between anaerobic and aerobic environments, where methane and
molecular oxygen may exist simultaneously. Such habitats include the waters above
anaerobic sediments, especially fresh waters in which sulfate-reducing bacteria are less

capable competitors, and the surface soils of methanogenically active sanitary landfills.

Methanotrophs in particular, and methylotrophs in general, play an irreplaceable
role in maintaining the balance of the carbon cycle in the biosphere. C|-compounds,
including methane, are produced anaerobically by methanogens from organic matter.
Methylotrophs oxidize these molecules to carbon dioxide or cell mass aerobically (Figure
2.1) and finally heterotrophs degrade methylotroph biomass completing the cycle. Much of
the methane produced by methanogenesis in submerged sediments or subsurface soils do
not reach the atmosphere thanks to the presence of methanotrophs in upper geographical
layers of the system.

However, when methane production exceeds methane oxidation, methane escapes
to the atmosphere and can have a serious impact in the global ecology. Specifically,
increasing methane concentrations in the atmosphere have been associated with an
increased rate in global warming (Lelieveld et al. 1993). Methane absorbs terrestrial
infrared radiation more effectively than carbon dioxide (another global warming agent) and

reemission of the absorbed energy causes atmospheric temperature to increase. It is



estimated that methane contributes approximately 26 times more (mole for mole) than

carbon dioxide to climate change (Hanson and Hanson, 1996).

Distressed vegetation

Aerobic Zone

methane oxidation

Anaerobic Zone

Methane escapes to atmosphere

CH4 and C A

Fermentation by methanogens

Lateral | 4
Migration”

Figure 2.1 Methane generation and oxidation in sanitary landfill.

2.2.2 Classification of Methanotrophs

Several basis for the classification of methanotrophs have been proposed.
Wittenbury et al. (1970) originally classified methanotrophs into five groups after isolating

over 100 methane-utilizing bacteria and analyzing their characteristics. The classification
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was based on differences in morphology, fine structure and type of resting stage formed.
In a report prior to Wittenbury’s, Proctor et al. (1969) divided methanotrophs into two
major groups based on their internal membrane structures. This major division supports
another classification based on pathways for formaldehyde assimilation since it has been
found that methanotrophs with different membrane types have different carbon assimilation
pathways (Lawrence and Quayle, 1970).

The classification of methanotrophs based on differences in intracytoplasmic
membrane arrangement and in carbon assimilation pathways is currently accepted. This
yields two major groups, type I and type II, of methanotrophs. Type I methanotrophs
contain internal membrane structures running perpendicular to the cytoplasmic membrane
and use the ribulose monophosphate pathway for formaldehyde assimilation. On the other
hand, type II methanotrophs have their internal membranes running parallel to the external
cell membranes and use the serine pathway.

Recently a new type of methanotroph, type X, has been added to the above
classification. Type X methanotrophs exhibit a mixture of characteristics that are usually
assigned to either Type I or Type II species. For example, Methylococcus capsulatus
(bath), newly reclassified as type X, contains enzymes for three pathways, ribulose
monophosphate, ribulose diphosphate and serine while having type [ membranes (Taylor et

al., 1981).

2.2.3 Methane Monooxygenase

Methane monooxygenase (MMO) catalyzes the oxidation of methane to methanol,
the first step in the assimilation of methane by methanotrophs. The kind and number of

methane monooxygenases that these bacteria can synthesize represents another important
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difference between type I and type II methanotrophs. Both types are able to produce a
membrane-associated methane monooxygenase (pMMO) while type II methanotrophs are
also capable of expressing a soluble form of methane monooxygenase (SMMO) under
certain growth conditions (Tsien and Hanson, 1992; Anthony, 1986; Oldenhuis ez al.,
1989, Stanley et al., 1983). Expression of sMMO and pMMO is mutually exclusive.

It is now accepted that the availability of copper in the growth medium determines
which type of enzyme, pMMO or sMMO, is synthesized in type II methanotrophs (Dalton
et al., 1984). Even a minuscule amount of available Cu(Il) selects for pMMO at the
expense of SMMO expression (see next section). Significantly, sSMMO is much more adept
at catalyzing cometabolic transformations of chlorinated aliphatics, including the
degradation of TCE, than is pMMO (Colby et al., 1977; Patel et al., 1982; Tsien and
Hanson, 1992).

sMMO isolated from M. capsulatus (bath) and from M. trichosporium OB3b has
been shown to be a three-component enzyme system including a hydroxylase. a relatively
small protein called component B (15.8 kDa) and a reductase (38.4 kDa). The hydroxylase
component is a 245 kDa protein containing non-heme iron and hosting the site of methane

activation (lipscomb, 1994).

Both sMMO and pMMO require molecular oxygen and NADH in order to be active.
Oxidation of methane to methanol occurs according to the reaction listed below (Lipscomb,

1994):

CH, + O, +NADH + H* —MMOg CH OH + H,0 +NAD'
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Further oxidation of methanol produces formaldehyde. At this point formaldehyde
can be either assimilated into cell mass or can be used in the production of formate
ultimately regenerating NADH and releasing carbon dioxide. If SsMMO catalyzes the
oxidation of a molecule that will not generate NADH, as is the case of cometabolic
substrates, then the reaction becomes limited by the cell reserves of reductant. Therefore, it
is important to supply formate externally in order to maintain SMMO activity (see Chapter
6).

Table 2.1. Characteristics of TCE degradation in aerobic systems (after Ensley, 1991).

Enzyme System m TCE degrad. Species
_ rated

none | N. europaea

oxygenases
Phenol, toluene . P. putida F1

phenol, toluene, cresol P. cepacia G4

toluene P. mendocina

monooxygenase
particulate MMO | constitutive
soluble MMO M. thricosporium OB3b
i M. vaccae JOBS

2 nmol/min-mg protein; bMo= monooxygenase, DO = dioxygenase.

The initial attack on methane by sMMO is sufficiently difficult that there is an
unusual lack of specificity in the substrates that sMMO will oxygenate. sSMMO initiates the
aerobic transformation of a variety of haloorganic compounds. Their characteristic
inefficiency or nonspecificity makes methanotrophs extremely attractive candidate

organisms for the in-situ, cometabolic destruction of short-chain, halogenated aliphatic
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compounds. Methylosinus trichosporium OB3b expressing sMMO has exhibited the
highest known rate of TCE biodegradation as shown in Table 2.1.

More on the role of sMMO in biodegradation of toxic pollutants will be discussed in

the next section.

2.2.4 Importance of Copper in Methanotroph Metabolism

Unlike the toxic heavy metals mercury and cadmium, which have no known
beneficial biological function, trace amounts of copper are required for the synthesis and
activity of certain metalloproteins. These include a variety of oxygenases such as pMMO

and certain electron-transport proteins.

Copper is thought to be, along with iron, part of the catalytic site of pMMO from
Methylococcus capsulatus (Bath) (Green and Dalton, 1985). Active pMMO complexes
contain as much as 14.5 copper atoms per 99-kDa enzyme complex (Zahn and DiSpirito,
1996). Most of the copper, however, is loosely bound and may perform secondary
functions such as enzyme stabilization, copper storage or maintenance of a specific redox
state. In the range 1 < Cu < 20 uM, the levels of membrane-associated Cu and Fe and the
specific activity of pMMO were all directly related to the external copper concentration.
Additionally, M. capsulatus (Bath) was found to produce a copper-binding compound that
binds two to three atoms of copper per molecule. This molecule is apparently a cofactor of

pMMO that is associated with the active site of the enzyme. (Zahn and DiSpirito, 1996).

Copper appears to have a central regulatory role in methanotrophs, affecting the
expression of sSMMO, membrane organization and growth rate (Green et al., 1985; Leak

and Dalton, 1986; Park et al., 1991; Stanley et al., 1983). In pure cultures of M.



trichosporium OB3Db the presence of as little as 0.2 pM Cu(Il) in the growth medium (0.85
to 1.0 pmol/g dry weight of cells), selects for pMMO at the expense of sSMMO expression
(Hanson and Hanson, 1996). Since copper generally exceeds such levels in polluted waters
(Forstner et al., 1979), methanotrophs may be unable to produce sSMMO when grown
under conditions relevant to in-situ bioremediation. In addition to regulating the production
of sSMMO in type II methanotrophs, copper also inhibits in-vitro activity of sMMO from M.
capsulatus (Bath) and from M. trichosporium OB3b, apparently binding to the reductase
component (Green et al., 1985; Jahng and Wood, 1996).

A recent investigation by Bowman ez al. (1993) in a TCE-contaminated aquifer
showed that methane injection stimulated growth among indigenous sMMO-producing
methanotroph populations. However, sMMO activity was 41 to 67 percent lower in the
polluted groundwater (with aqueous-phase copper levels of less than | uM) than in copper-

free, nitrate-salts media.

Graham (1992) found that strong copper chelators (Cu-binding constants > 1018)
including ethylenediaminetetraacetic acid (EDTA), triethylenetetramine (Trien) and others
offer no impediment to the ability of M. trichosporium OB3b to acquire Cu(Il) in batch

cultures and can actually promote pMMO expression.

In order to overcome the problem of sMMO suppression in type II methanotrophs,
Phelps et al. (1992) developed mutant strains (sSMMOF) from M. trichosporium OB3b that
grew well and expressed sSMMO in the presence of £ 12 uM copper. The mutants
exhibited no pMMO activity and lacked characteristic cytoplasmic membrane structures that
are normally present when the wild-type is grown in copper-sufficient media. Fitch er al.
(1993) reported that sMMOC mutants solubilized extracellular copper but were incapable of

copper assimilation. However, the mechanism of copper regulation in this system, the
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environmental specifications of sMMO production, and the utility or survivability of the

mutants in real environmental settings all remain to be established.

The effect of different copper concentrations in the metabolism of sMMOF€ mutants
seems to be less apparent than in the wild-type bacteria. Fitch et al (1993) reported no
appreciable growth rate differences among five of the mutants when grown in the presence
or absence of copper. However, a strain-dependent lag before the exponential phase was
detected in cultures grown with copper. The length of the lag was a function of copper

concentration.

sMMO inactivation during the cometabolic transformation of specific targets
including TCE may also impede the use of methanotrophs for bioremediation of chlorinated
solvents in certain situations. Alvarez-Cohen and McCarty (1991) described a loss of TCE
transformation capacity among methanotrophs that were engaged in cometabolic TCE
conversion to TCE epoxide. Inactivation was described as a suicide mechanism in which
the product(s) of cometabolic TCE conversion attacked the responsible enzyme, methane

monooxygenase.

2.2.5 Biodegradation by Methanotrophs

Physical and biological treatment strategies for the remediation of contaminated soil
and groundwaters that consider the probable partitioning of chlorinated organics in multi-
phase environments have the greatest probability of success. Among the organic
contaminants in groundwater and soils, the chlorinated aliphatics occupy a somewhat
unique position in that they are characterized by both low hydrophobicity (low

octanol/water partition coefficient, Kqy ) and high volatility (large Henry's Law constant,
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H) as shown in Figure 2.2. Using the physical models of unsaturated sediments,
equilibrium considerations dictate that chlorinated aliphatics will partition, at least to some
extent, into the local gas-phase as can be seen in the partition behavior of TCE shown in
Figure 2.3. The volatility of the chlorinated aliphatics suggests that gas-phase treatments,
or methods that rely upon contaminant and nutrient transport with the bulk gas phase may
be particularly effective. Adding to the attractiveness of such strategies is the relative ease
with which gaseous fluids pass through the vadose zone, primarily due to the immense

difference between liquid and gas viscosities.
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Figure 2.2. Partition behavior of halogenated organic compounds in terms of
hydrophobicity and volatility. Based on contaminant physical properties, bioventing and
soil vapor extractions (SVE) are favored when organic contaminants show high values for
volatility (to promote mass transfer from the aqueous to the gas phase) and low
hydrophobicity (to prevent the contaminant from adsorbing to the organic matter in the
soil). Bioventing, however, can be used even when the contaminant shows low volatility
as long as it is available to the degrading microorganisms.
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Figure 2.3. Trichloroethylene (TCE) distribution in the gas phase as a function of soil
water saturation. Each contour represents a constant fraction of the total mass of TCE that
is present in the gas phase under equilibrium conditions. TCE was assumed to distribute
among organic matter and the aqueous and gaseous phases in unsaturated soil. These
results were obtained based on Henry's law and on empirical relationships reported by
Briggs (1981) between soil foc and the contaminant organic matter partition coefficient
(Koc). The behavior determines how a given contaminant partitions between the aqueous
and solid phases in soil. This simulation shows that low soil foc and low moisture content
promote higher TCE concentrations in the gas phase. These conditions apparently would
favor venting operations (SVE and bioventing) for TCE transport and degradation. From
the Figure, the effect of increasing the soil moisture content, at a given foc, favors the
transfer of TCE to the aqueous phase more effectively, thus making it more suitable for
biodegradation. An excessively high soil water content, however, would decrease air
permeability. The parameters used in the above calculation are: soil density = 1.85 g
soil/cm3 soil; soil porosity = 0.35; TCE Henry's constant = 0.392 at 25°C
(dimensionless); TCE log Koc = 1.93.
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2.2.5.1 Contaminants degraded

In general, the biodegradability of chlorinated organic compounds that are
susceptible to aerobic degradation is inversely related to degree of halogenation (Strand er
al., 1990, Henson et al., 1989). For example, relatively few metabolic systems are able to
catalyze the aerobic transformation of trichloroethene (TCE), while vinyl chloride (VC)
oxidation is much more common and generally more rapid. This relationship is equally
apparent in mammalian and microbial systems (Vogel er al., 1987). Aerobic
biotransformations of perchloroethylenes, for example, have not yet been observed and
microbial systems that can catalyze the transformation of TCE number only a few (Ensley,
1991). Lesser chlorinated homologues (DCE isomers and vinyl chloride) are more
appropriate targets for aerobic transformation processes. Although a degree of
stereospecificity is apparent in the biodegradation of haloaliphatic and haloaromatic
isomers, such effects play a secondary role to degree of halogenation as determinants of
expected biodegradation rates. In a sense, trichloroethylene is among the greatest
anthropogenic challenge that have been overcome by aerobic biochemical systems. Aerobic
biotranformations of TCE remain sufficiently special to motivate reviews such as that of

Ensley (1991), which provided kinetic data and systems descriptions.

A primary substrate is an absolute requirement for cometabolic transformation of
TCE. Methane, propane, ammonia and toluene or phenol have been used as primary
substrate, each for a specific type of degrader. None of these systems operates in the
absence of molecular oxygen, which is a cosubstrate in necessary oxygenase reactions and

serves as terminal electron acceptor for microbial respiration.
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Figure 2.4. Cometabolic Degradation of TCE by Methanotrophs and Nitrifiers.
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The halogenated ethenes, up to but not including perchloroethene, offer appropriate
targets for cometabolic bioventing. These are very common pollutants with exceptional
volatility and reasonable hydrophilicity. However, their use as an energy source is
questionable. There have been no convincing observations of trichloroethene (TCE)
oxidation, for example, coupled to the generation of useful metabolic energy.
Consequently, fortuitous transformations may be the only aerobic avenues available for
TCE transformation, and a suitable primary substrate must be provided in order to support
growth of the responsible bacterial population. Additionally, the enzymatic transformation
of TCE has itself proven challenging, and only a few capable systems are known. These
will be reviewed sequentially. In each case, the enzyme that initiates the transformation of
TCE is a monooxygenase and the transformation product, a first intermediate, is TCE

epoxide (as shown schematically in Figure 2.4).

2.2.5.2 Bioventing

Recently, considerable interest has been directed to the in situ treatment of
unsaturated zone soils. Soil venting has been used at numerous sites to remediate low
molecular-weight, volatile contaminants. In this process, the contaminants partition from
the aqueous sorbed phases into the gas phase as air is circulated through the contaminated

soil.

The general concept in bioventing is that volatile and semivolatile contaminants can
be transformed through the vadose zone within a mobile gas phase. Since air is used for
this purpose, there is an ample supply of oxygen for aerobic decomposition of
biodegradable contaminants. Other nutrients, such as nitrogen (usually ammonia or nitrate-

N) and phosphorus (phosphate) are sometimes required to promote bacterial growth in
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efficient bioventing. However, phosphorus must be dissolved in water, and there are few
examples in which gaseous ammonia and molecular nitrogen have successfully been used

to stimulate microbial growth and activity (Chu ez al., 1995).

Bioventing is based on the same principle as soil venting or soil-vapor extraction.
In addition, however, bioventing is designed to promote the biological degradation of
pollutants in soil or groundwater in the remediation process. The method and its
applications have been described in several publications (Norris and Matthews, 1994;
Rittmann et al., 1994; Marley and Hoag, 1984; Brown et al., 1987; Batcheder et al .,
1986).

Venting is aimed primarily at the restoration of sites contaminated with volatile
organic chemicals (VOCs), which are suitable for transport out of soil moisture or soil
surfaces in a gas stream. Simulation shows, (Johnson et al.,1990) that even under optimal
conditions, heavy components of hydrocarbon mixtures (e.g. gasoline) remain in the soil

after the light components have been removed.

Bioventing combines soil venting with bioremediation, using oxygen from the
venting of air for aerobic biodegradation of the remaining organic contaminants. The main
purpose of a bioventing system is to use the gas phase to transfer oxygen or other gaseous
components (including volatile soil contaminants) to positions in the subsurface where
indigenous organisms can utilize them as nutrients or electron acceptors. Elements of the
bioventing process are schematically illustrated in Figure 2.5. Chlorinated solvents are
frequently difficult to biodegrade in this manner, but they are sometimes degraded

fortuitously during microbial growth on another hydrocarbon.
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Figure 2.5. Schematic diagram of a bioventing system.

Bioventing has the potential to significantly reduce the concentration of a range of
hydrocarbons and other organic contaminants in unsaturated soils, particularly volatile and
semivolatile compounds. The volatility of the chlorinated aliphatics suggests that gas-phase
treatments that rely on contaminant and nutrient transport with the bulk gas phase may be
particularly effective. The application of bioventing to vadose zone remediation offers clear
advantages over aqueous-based remediation systems in terms of oxygen and gaseous

nutrient transfer.

A primary advantage of bioventing as a hazardous waste remediation strategy arises
from the availability of molecular oxygen as electron acceptor in biochemical reactions.
That is, bioventing is best suited to promote the destruction of volatile organics that can
serve as substrates for aerobic vadose zone microorganisms. Lighter components of

hydrocarbon fuels, such as the BTEX compounds (benzene, toluene, ethylbenzene and



xylene), satisfy the basic criteria for bioventing and are the most common targets for such
operations. In order to extend the utility of bioventing operations for the destruction of
volatile, but less biodegradable compounds, it may be necessary to stimulate groups of
bacteria with specific, sometimes unique metabolic capabilities or to encourage cometabolic
activities by providing a suitable primary substrate in addition to molecular oxygen. In the

latter case, the engineered process would more properly be called cometabolic bioventing.

2.2.6 Colorimetric Assay for sMMO

Brusseau et al. (1990) reported the application of a colorimetric method to the
detection of sMMO. The method was based on the oxidation of naphthalene to naphthol
catalyzed by sMMO. Naphthol was detected in solution by a chromogenic reaction with
tetrazotized o-dianisidine (ToD). The oxidation of naphthalene was only catalyzed by

sMMO and not by pMMO. Figure 2.6 shows graphically the principle of the method.

OH
Naphthol-azo dye
(purple)

@@ 02 1-naphthol A
OH  [erazouzec >
Naphthalene 0- (6‘{‘3{.) € peak at 528 nm
2-naphthol

. -

Figure 2.6 i ivi
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The colorimetric assay for sMMO has remained in use in part thanks to the reported
correlation between naphthalene oxidation and TCE degradation by methanotrophic bacteria
capable of synthesizing sSMMO. Brusseau et al. (1990) showed qualitatively that
naphthalene oxidation by a particular methanotroph is indicative of the capability of that
type of bacteria to degrade TCE. According to the investigators, not all sMMO-producing
methanotrophs are capable of naphthalene or TCE oxidation. More recently, Bowman et
al. (1993) and Bowman and Sayler (1994) have successfully correlated rates of
naphthalene oxidation to rates of TCE degradation in several methanotrophs.

One of the main advantages of the method is the simplicity of detection of sMMO
activity compared to methods that involve time-consuming tasks, like solvent extraction and

gas-chromatography analysis.

Several attempts have been made over the years to apply the colorimetric assay to
the quantitative analysis of sMMO (Bowman et al., 1993; Henryson and McCarthy, 1993;
Bowman and Sayler, 1994). Their modified methods are similar and involve incubation of
a diluted bacterial suspension (Absorbance at 600 nm <0.2) for |1 hr. Addition of formate
before incubation was not reported despite the risk of depleting reductant reserves before
the period of incubation ended. Spectrophotometrical measurement of absorbance at 528
nm (As>g) followed immediately after addition of a freshly-prepared solution of the ToD

reagent.

In spite of its simplicity and practicality, colorimetric detection of sSMMO remains
semi-quantitative at best because of the instability of the colored reaction product whose
absorbance is measured at 528 nom. The naphthol-azo dye formed by the reaction of
naphthol and the ToD reagent starts decomposition as soon as it is formed in aqueous

solution. An improved variation of this method is proposed and discussed in Chapter 6.
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CHAPTER 3

MODELING METAL ION AFFINITY PARTITIONING

3.1 SUMMARY

A mathematical model that describes the affinity partitioning of metal ions in aqueous
two phase systems formed by polyethylene glycol and sodium sulfate has been derived.
The model has been used to calculate complex formation constants between metal ions in
solution and a modified chelating ligand, as well as partition coefficients of both of these

species.

The model is based on the thermodynamic criteria that govern the equilibrium among
metal ions, hydrogen ions and ligand molecules in solution, and their partitioning between

the phases.

The model satisfactorily describes the partition behavior of the metal ions Cu(Il),
Ni(II), Co(Il) and of the synthesized polymer-chelate PEG-IDA (polyethylene glycol-
Iminodiacetic acid) as the affinity ligand. Simulation using this model shows the great
effect that pH has on the partitioning of metal ions, inducing the highest partition coefficient

when the ligand molecules are totally deprotonated.
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3.2 INTRODUCTION

Aqueous two phase systems have been normally used in the purification and
separation of a number of substances including proteins, cells, cell organelles and other
macromolecules (Walter et al., 1985; Albertsson, 1971). Use of aqueous two phase
systems to extract metal ions was first shown by Zvarova et. al. in 1985. In order to
increase the partition coefficients of metal ions, ligands such as dyes, crown ethers, etc.,
have been introduced. These ligands interact with the metal ions in solution and tend to
partition preferentially to the polymer phase (Rogers et al., 1993a and 1993b). Recently it
has been shown that metal ions can be effectively extracted from aqueous solutions using
polymer/salt two phase systems by modification of a phase forming polymer (PEG) with a
chelating agent that serves as an affinity ligand for metal ions (Aguinaga, 1992). The use
of these affinity modified polymers makes the extraction very ion specific. Due to the
potential application of this type of extraction in the recovery of metal ions from aqueous
solutions, it is important to consider the factors that affect the formation of the metal-ligand

complex.

Aguinaga (1992) synthesized iminodiacetic acid-polyethylene glycol (IDA-PEG), a
PEG derivative known to chelate transition metal ions (Porath et al., 1995), and used it to
increase the partition coefficient of such metal ions in a polymer-salt aqueous two phase
system. Previously the complex Cu(Il)-IDA-PEG has been used to enhance the partitioning
of proteins with surface histidines (Wenschell et al., 1990; Birkenmeier et al., 1991) but
little or no attention has been given to the factors that affect the formation of the complex

itself.
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Some publications on modeling protein affinity partitioning have appeared in the past
(Flanagan and Barondes, 1975; Cordes et al., 1987; Suh et al., 1990). But it is not
possible to apply these results to the partitioning of metal ions in aqueous two phase
systems. Suh et al. (1990) developed a model to describe the partitioning of proteins with
different numbers of exposed histidines using Cu(II)-IDA-PEG in a PEG/Dextran two
phase system. Although that work correctly considers the influence of hydrogen ions on
the binding of the metal complex to the protein, it does not contemplate effects of the pH on
the stability of the complex Cu(II)-IDA-PEG. Hydrogen ions play an important role on the
formation and stability of the metal-ligand complex, because they act as a competitive agent
for the sites the metal ion is occupying (Chabarek and Martell, 1952). The model described
here takes this important aspect into consideration in providing a guide as to what should be

the optimum pH for a given separation.
3.3 MATHEMATICAL MODEL
The following assumptions are made in the model development:
. The system is at equilibrium and the temperature is constant
. The activity coefficients for the ionic species are constant in both phases
. Only totally deprotonated IDA-PEG can bind to the free metal ion

. Complex formation and proton dissociation constants are the same in both phases

(Albertson, 1983)
. Partition coefficients of all polymer-ligand derivatives are equal

. The molar ratio metal-ligand in the complex is 1:1
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These model assumptions although quite simple, may still have implications which
are not completely transparent. Therefore, it is convenient to elucidate them one by one in
order of introduction. First, assuming constant temperature throughout the system is
probably very closely approximated by most experimental situations. The assumption that
the system is at equilibrium, is much weaker because polymers are known to have long
relaxation times. The activity coefficients of all ionic species are assumed constant in both
phases. This simply means that once the phases are formed, the addition of small amounts
of metal ions and ligands is not going to affect the activity coefficients in the presence of
relatively large amounts of phase forming salt and polymer. It is assumed that protonated or
partially protonated molecule IDA-PEG can not form a chelate with the free metal ion.
Rather, it is considered that only totally dissociated IDA-PEG can bind and produce a
chelate with the free metal ion. Since the composition, and hence the environment in each
of the phases is different, there is no reason to assume that complex formation and
dissociation constants should be exactly the same in both phases. The assumption that the
partition coefficients for all polymer-ligand derivatives are the same reflects the
overwhelming influence of the polymer fraction of the molecule. This is further explained
below. The 1:1 ratio of metal to ligand in the complex is due to the fact that each ligand can

on average accommodate only one metal ion.

The molecule IDA-PEG is represented as LH;. It contains two acidic hydrogens, as

seen on Figure 3.1, and can release them according to the following equations.

LH,——H" +LH"
LH ——H"+L*
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Each equilibrium reaction takes place on both phases and is governed by its own
dissociation constant. Therefore, four equations are needed to describe the

protonation/deprotonation process of the ligand.

. [Hpr []H r K= [H[ILP] T
: LH,

oo LT e [HTILT
’l.l [LHZ ]B l'l.- [LH— ]B

where the superscripts T and B refer to the top and bottom phases respectively.

,CH,, - COOH
CH,-O-(CH_- CH_-0) - CH_- CH_- N
3 2 72 ' 2 2 Ney,-cooH

Figure 3.1. Structure of synthesized chelating polymer IDA-PEG.

As previously explained, the polymer-chelator ligands used in the experiments are
covalently bound complexes of a molecule of PEG and a molecule of a chelating ligand

(Aguinaga, 1992). The PEG portion of the complex is usually much larger than the
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chelating group. It can be therefore assumed, to a first approximation, that the partition
coefficient of the various forms of the PEG-ligand complexes (LHy, LH-, L-2, LM) are
dominated by the PEG fraction of the complex. It can be further assumed that all of these
partition coefficients are approximately equal , i.e. K;, =K =K , =K, . Under these
circumstances, the following relationships between the apparent dissociation constants of

the ligands in the top and bottom phases can be derived.

(pH®-pH")

K/ =K} ‘10 , KI, =K}, 10

(o5-017)

where pHT and pHB are the pH values in the top and bottom phases respectively.

In this work where experiments were performed with this I;articular two phase
system, the pH was found to be the same for both phases perhaps due to the fact that a
buffer was used to control the pH. It has been assumed, therefore, that the aforementioned
partition coefficients (Kp ; and Ky, 7 ) are the same in both phases. Other investigators,
however, have proposed alternative expressions to deal with the differences in the pH of

the phases when no buffer is employed (Eiteman and Garnier, 1991; Eiteman, 1994).

Using an argument similar to the above, the following relation can be obtained
between the apparent constants for the formation of the ligand-metal complex in the top and
bottom phases.

1

T B

Kf,ML = Kf,ML "o
M

where K}, is the partition coefficient of the free metal ion defined below.
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It is well known that a ligand-solute association constant (K¢,Mmp ) varies between the
phases for reasons other than those given above. This is particularly important when the
solute is a biological macromolecule such as a protein. The effect in this case is probably
due to interference by the polymer in the interaction between the protein and the ligand,
such as steric interference . However, for small solutes such as metal ions which can move
freely through and in between the polymer coils, this effect can be expected to be much
smaller, if not negligible.

Simultaneously to the dissociation steps, the formation of the complex between the

free metal ion and the ligand also takes place. For both phases these are:

__ (MY
Kf.ML [M+2 ]T[L_2]T

__ [mLp?
T e (T

Every species present in solution is also partitioning between the top and bottom

phases. The most important partition coefficients used in the model are defined below.



The total concentration of ligand in each phase is the sum of the individual

concentrations of every ligand species:

Cr =[] +[LH | +[LA,]

where i represents the top and bottom phases. And the total number of moles of
ligand is therefore given by:

nlo - CvlTvT+qﬂvB

where Vt and Vb refer to the volumes of the top and bottom phases. Similarly for the

metal ion, the total number of moles is expressed as:
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nt, = ([MT +[ML] V" +([M]° +[ML}’)v*

Experimentally measured values include the total amount of ligand added to the
system, the total amount of metal ion and its equilibrium concentration in each phase, and

the pH of both phases.

The parameters for the model are : K¢mr., KmL, Kn,1 and Ky, 5, the first two being

different for each metal ion tested.

An objective function, f, which based on the least squares method is given by:

r=E {8 (e -cim=p)}

j=t Li=l

The previous equations are solved for C,-Zt“”"" and then substituted in the function
f and a set of new parameters is found by applying the Hook-Jeeves method for the

optimization of the objective function.

3.4 RESULTS AND DISCUSSION

The model was applied to the partitioning of Cu(II), Ni(IT) and Co(II) in an aqueous
two phase system consisting of 8% sodium sulfate, 13.3% PEG 8000 and 0.7% IDA-
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PEG, all concentrations measured on a weight/weight basis, at room temperature as
described by Aguinaga (1992). The experimental partition coefficients were measured once

the systems had reached an equilibrium value (5 min centrifugation at 3000 rpm).

The parameters found using the described method are summarized in Table 3.1. The
value for the partition coefficient of the complex metal ion-ligand (Kp) for Cu(Il)IDA-
PEG was significantly greater (8 to 10 times bigger) than for the respective complexes of
nickel and cobalt ions. The same trend is observed for the value of the complex formation
constant (Kfmp), which is 2 and 3 orders of magnitude greater for Cu(INIDA-PEG than
for Ni(IDIDA-PEG and Co(II)IDA-PEG respectively. Experimental values for these
constants have not yet been reported. However, they compare favorably with published
values for the ligand IDA, when the complex Metal(I)-IDA is formed with the same metal
ions (Chabarek and Martell, 1952). These constants are also included in Table 3.1.

Table 3.1. Partition coefficients and complex formation constants obtained from the

model. Comparison with experimental values.

Ligand:IDAPEG | DAY
Copper 26.50 4.62 x 107 3.54 x 1010
Nickel 3.35 1.68 x 106 1.99 x 108
Cobalt 2.51 9.49 x 105 1.05 x 107
2 Calculated from model..

b Hancock and Martell, 1989.



92

Table 3.2 contains the first and second dissociation constants for IDA-PEG, for
which experimental values are also unfortunately unknown. However, it can be seen that
calculated values are in good agreement with the respective experimental constants reported
for IDA. Deprotonation constants have been measured for several IDA derivatives
(Chabarek and Martell, 1952) and it has been observed that the nature of the group bound
to the ligand affects the acidity of the molecule. PEG, being a long oxygenated
hydrocarbon chain, helps stabilize the molecule making both hydrogens less acidic.
Therefore, the dissociation constants for IDA-PEG are expected to be lower than those for

IDA alone.

Table 3.2. Experimental and calculated acid dissociation constants for affinity ligands.

IDA PEG 9.30 x 1042 8.99 x 10-10a
IDA 2.88 x 10-3b 7.58 x 10-10b
a Model-calculated value

b Chabarek and Martell, 1952

Large values for the partition coefficient of Cu(II)-IDA-PEG and the corresponding
formation constant of this complex, reflect the experimental observation that copper ions
tend to be found mainly in the top phase in an aqueous two phase system that contains the
affinity ligand IDA-PEG. This can better be seen in Figure 3.2, where the change in
partition coefficient, (in a system with affinity ligand vs. a system without it), is always
greater than zero. The change is significantly larger in the case of copper than for nickel and
cobalt ions. The partition coefficients of these two metal ions also increase with the addition
of IDA-PEG to the system, but not as much as for copper. Differences in the values of the

formation constants for different metal ions with IDA-PEG can be explained in terms of the
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relative size of the metal ion. Hancock and Martell (1989) report a decrease in complex
stability for the same ligand when the ionic radius of the metal ion increases. Ionic radius
for the metal ions tested are in the order: Cu < Ni < Co. Even greater differences in

complex stabilities are observed for the case of large chelate rings.

The model explains clearly the mechanism by which the partition coefficient of the
metal ion increases when an affinity ligand is used in an aqueous two phase system.
Considering Figure 3.3, the total metal concentration in the top phase is plotted versus the
metal ion concentration in the system. As more metal ion is added to the system, the metal
concentration in the top phase also increases. This is not surprising since it will increase,
even if the partitioning was not influenced by the presence of the ligand, only because there
are more metal ions in the system. The important point to consider, however, is the rate at
which it increases. Compare the slope of the graph at the initial stages of the process where
only a small amount of metal ion is present, with the slope in the second section, at high
metal ion concentrations. (Strictly, they are not straight lines, and were not treated as such
in the model, but the concept is easier to explain in these terms). The increment is higher
initially, due to the formation of the complex Metal(II)-IDA-PEG that partitions favorably
in the top phase and therefore rises the value of the partition coefficient for the metal. When
all of the IDA-PEG molecules have reacted to form the complex, the excess free metal ion
partitions as if no affinity ligands were present. Since this keeps considerably more metal
ions in the bottom phase, the rate of increment in metal ion concentration in the top phase
is not as high as before. This explains the relative smaller slope on the second section of the

plot.

The concentration of the complex metal(II)-IDA-PEG was calculated from the model
and is also shown in Figure 3.3 as a dashed line. This helps support the above explanations

since it shows the strong relationship between the partition coefficient of the metal ion and
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that of the metal-ligand complex. The concentrations of metal and metal-ligand run parallel
to each other until all the IDA-PEG molecules in the top phase have reacted. After that
point, which happens shortly before the total IDA-PEG concentration in the system has

been reached, the concentration of the complex is practically constant, as shown in the plot.

The experimental top phase concentration values for the copper, nickel and cobalt
ions in the previously mentioned system with IDA-PEG is shown in Figure 3.4. The

corresponding values obtained from the model are also shown in the same Figure.

The hydrogen ion concentration has a great effect in the overall process of metal ion
partitioning when an affinity ligand is involved. Protons compete for the sites to which the
metal ion will bind. Therefore, a low pH will favor the formation of the non-dissociated
ligand (LH3), and will decrease the partition coefficient of the metal ion. These effects can
be better seen in Figures 5 and 6, where the metal ion top phase concentration and the

partition coefficient predicted by the model are plotted versus the pH respectively.

At a pH when all the ligand molecules are totally protonated, the partition coefficient
of a metal ion will be practically independent of the concentration of affinity ligand. and
will have a value very close to K, (Partition coefficient when no ligand is present in the two
phase system). As the pH increases, more ligand molecules are able to bind free metal ion,
increasing its partition coefficient, as can be seen in the Figures. However, the maximum
value of the metal ion partition coefficient can not be greater than the partition coefficient of
the ligand itself, and this value is achieved when all metal ions have been chelated by the
ligand.

In Figure 3.5, the metal ion top phase concentration is a function of the concentration
of the complex metal-ligand. In this form, differences in the stability of the complex

between the metal ion and IDA-PEG for copper, nickel and cobait can easily be
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distinguished. Cu(II)-IDA-PEG is stable even at a pH of 5.5, while the others begin to
dissociate at pH values above 7. The values of the complex formation constants are also an
indication of the selectivity of the ligand in binding a given metal ion. IDA-PEG produces
the highest increase in the partition coefficient when copper is used, over a system that has
no ligand. In comparison with that of copper, increments in the partition coefficients for
nickel and cobalt are minimal. This suggests that IDA-PEG is much more selective for

copper than any other metal ion investigated.
3.5 CONCLUSIONS

A mathematical model that describes the affinity partitioning of metal ions in aqueous
two phase systems is presented. The model is based on the thermodynamic equations that
govern the equilibrium among metal ions, hydrogen ions and ligand molecules in solution,

and their partitioning between the phases.

It shows that in fact the pH has an important effect on the stability of the complex
Metal-IDA-PEG. In general, the metal ion is displaced by hydrogen ions at low pH.
However, the effect is not exactly the same for all of the metal ions studied. There is a
relationship between the magnitude of the formation constant for the complex Metal-Ligand
and the effective range in pH over which the complex will be stable. The higher the binding

constant, the more resistant the complex will be to changes in pH.

The findings from the model can be applied directly to the recovery of metal ions
from aqueous solutions that use affinity or pseudo affinity chelating ligands, like modified
polymers, dyes, etc. They have a strong repercussion on protein separations using Cu(II)-
IDA-PEG, specially in immobilized metal affinity partitioning. Previous reports considered

only the interactions between the protein and the complexed metal ion, but they have
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ignored those between the metal ion and the affinity ligand, specifically, neglecting the

effect of pH on the stability of the complex.

3.6 NOMENCLATURE

Gi
T.exp
o

T,model
C.j

Concentration of species i
Total concentration of metal ion j (data point number i ) in the top phase

measured experimentally

Total concentration of metal ion j (data point number i ) in the top phase
predicted by the model

Objective function to be minimized

Hydrogen Ion

Metal-ligand complex formation constant

Metal ion partition coefficient

Complex Metal-Ligand partition coefficient

Metal ion partition coefficient in a system without affinity ligand
First dissociation constant for the ligand LH), same as K|
Second dissociation constant for the ligand LH?, same as K2
Affinity ligand molecule completely dissociated

Affinity ligand molecule partially protonated

Affinity ligand molecule fully protonated

Total number of metal ions used in the experiments

Metal ion



ML Complex metal-affinity ligand

n Total number of concentration data points measured for each metal
n°n Total number of moles of metal in the system

no Total number of moles of ligand in the system

vi Volume of phase i

[i] Indicates concentration of species i

Subscripts

1 Non dissociated Ligand

Superscripts

B Bottom phase

T Top phase
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Figure 3.2. Partition coefficients of different metal ions using IDA-PEG as the affinity
chelating polymer. Legend: m Copper exp., ¢ Nickel exp., O Cobalt exp. ---

Model.
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Figure 3.4. Distribution of metal ion concentrations in the top phase as a function of
total concentration of a given metal ion in the system, in the presence of the
chelating polymer IDA-PEG. Legend: m Copper exp., ¢ Nickel exp., O Cobalt
exp. --- Model.
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CHAPTER 4

ISOLATION OF COPPER BIOCHELATES FROM Methylosinus trichosporium OB3B
AND sMMOC MUTANTS

4.1 SUMMARY

Methylosinus trichosporium OB3b produces an extracellular chelating agent (CBL)
with high affinity for copper. Wild-type cells and mutants that express sSMMO in the
presence and absence of copper (sSMMOC) were used to obtain cell exudates that were
separated and analyzed via HPLC size exclusion chromatography. A single
chromatographic peak, when present, contained most of the aqueous phase Cu(II) present
in the culture medium. The molecular weight of the compound responsible for copper
complexation was estimated at 500 daltons. Based on an assumed stoichiometry of 1 mol
of Cu (II) per mol of CBL, an association constant of 1.4 x 1016 M-! between copper and
this ligand has been calculated. CBL evidenced a preference for copper, even in the
presence of 20-fold higher concentrations of nickel. Strong affinity of the CBL for copper
prevented its isolation by normal affinity-chromatography techniques (i.e., Immobilized
Metal Affinity Chromatography).

4.2 INTRODUCTION

M. trichosporium OB3b represents one of the most studied type II methanotrophs
in the field of biodegradation. Ensley (1991) reports that sMMO-expressing cultures of
this microorganism had the highest know rates of biodegradation of TCE (150
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nmol/min/mg of protein). However, as reported in Chapter 2, the presence of copper in the
growth medium (as low as 0.85 to 1.0 umol/g dry weight of cells, Hanson and Hanson,
1996) eliminates synthesis of sMMO in type II methanotrophs in favor of the less
biodegradation-active pMMO.

In order to overcome the problem of sMMO suppression, Phelps er al. (1992)
developed mutant strains (sMMOF) that grew well and expressed sMMO in the presence of
< 12 pM copper. The mutants exhibited no pMMO activity and lacked characteristic
cytoplasmic membrane structures that are normally present when grown in copper-

sufficient media.

The five stable M. trichosporium OB3b mutants isolated by Phelps belonged to
two distinct phenotypic classes (Phelps et al., 1992). The first group of mutants grew
more slowly and had lower sMMO activities than the second group. Additionally, these
two classes of mutants differ substantially in their patterns of protein expression.
Particulate cell fractions from the first group showed an unusual pattern of protein
expression not found in the wild-type; while both soluble and particulate fractions from the
second group resembled that of the wild-type organism grown in copper-free media
(Phelps et al., 1992). The mutant used here (PP358) belongs to the second group of
sMMO-constitutive mutants. PP358 achieved wild-type growth rates and expressed high
levels of sMMO in media containing <12 M copper. Revertants of this mutant were not
detected after 11 months of continuous subculturing. The pattern of protein expression in
both soluble and particulate fractions derived from PP358 resembled that of the wild-type

organism grown in copper-free media.

Fitch et al., (1993) first reported the possibility that M. trichosporium OB3b and the

sMMO-constitutive (sMMOC) mutants produce extracellular Cu(I)-complexing agents that
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are capable of modifying extracellular copper speciation. This conclusion was reached after
analyzing copper-distribution data for wild-type and mutant cells. Experiments performed
in late-exponential phase cultures grown in 5§ uM Cu showed differences of almost 20-fold
in cell-associated copper between the wild-type and the mutant strains. Even more
surprising was the fact that copper originally present as a precipitate in the growth medium

was found solubilized by mutant cultures.

In summary, the sMMOC€ mutants solubilized extracellular copper but were
incapable of copper assimilation. Solubilization of copper was explained by assuming the
presence of Cu(II)-complexing agents. The nature and physiological role of these ligands
were unclear at that time but the authors suggested the situation may be analogous to
siderophore production for iron acquisition (Bagg and Neilands, 1987). That is, the ligands
may play a role in copper acquisition for pMMO synthesis/activity. The increase in soluble
copper in the mutants with respect to the wild type was assumed to be either an
overproduction of the ligands or a defect in the cells that prevented them from internalizing

the copper complex.

It was the primary objective of the work described in this Chapter to prove the
existence of these Cu-binding ligands and to perform initial characterization of the

molecule(s).

Throughout this and the following Chapters, copper-binding ligand (CBL).
biochelator and molecule of interest are used indistinctively in reference to the molecule(s)
present in the culture medium that shows affinity for copper. The chromatographic peak

containing this molecule(s) is referred to as peak of interest (POI).
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4.3 MATERIALS AND METHODS

4.3.1 Bacterial strains and growth conditions. The wild-type M.
trichosporium OB3b (ATCC 35070), designated RTR, and sMMOC mutant PP358 (ATCC
55315) were provided by Dr. G. Georgiou of the University of Texas at Austin. The
mutant strain was described by Phelps er al. (1992) and Fitch er al. (1993).

Nitrate salts medium (NSM) contained of 5 mM Na;HPO,4 and S mM KH,PO,
(adjusted to pH 7.0), 10 mM NaNO3, 1.0 mM K5SO4, 1.0 mM MgSOy, - TH,0, 0.1 mM
CaCl, - 2H,0, 10 uM NaMoOy- 2H,0, | uM MnSO4-H50, 1 uM CoCl,- 6H,0, 2 uM
ZnSO4- TH,0, 1 uM K1, and 2 pM H3BO;. Copper and iron were provided from filter-
sterilized stock solutions of CuSO4 and FeSOy4 to final concentrations of 5 M and 40 uM,
respectively, after other media components were autoclaved and cooled. To produce solid
media, NSM was supplemented with 1.8% noble agar (Difco) and 0.1 mg/ml
cycloheximide (a fungal inhibitor). Stock cultures were maintained as described by Phelps
(1992). Plates were used to inoculate overnight liquid cultures grown in 165-ml serum
vials containing 13 ml NSM. The serum vials were crimp-sealed with Teflon-coated

rubber septa. Methane was fed to the vials using sterile 20-ml syringes.

At mid-log phase (Agog = 0.4), these cultures served as inocula for 1-L, sealed
Erlenmeyer flasks with a total liquid volume of 100 ml. Methane was added periodically
by establishing a partial vacuum in the flask and backfilling with 99.0% purity methane
(Union Carbide). Gas phase methane was maintained at about 20% (vol/vol) by
exchanging the headspace volume three times per day. Copper was added to a final
concentration of 5 uM or omitted from the medium. Copper impurities produced a constant
background copper level of about 0.25 uM in the “copper free” medium. Cultures were
incubated at 30°C and agitated at 240 rpm on a rotary shaker. Periodically, 3-ml samples
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were removed and subsampled for measurement of optical density and sMMO activity
(naphthalene assay, see below). HPLC separations were performed on 200-puL
subsamples after passage through a 0.22 um type-GS filter (Millipore). Filtrate was stored
at 4°C pending analysis.

At times, experimental objectives required higher ligand concentrations than could
be generated without concentrating the aqueous medium. On these occasions the log-phase
contents of the 165-ml serum vial reactors were used to inoculate 1-L, sealed Erlenmeyer
flasks containing 200 ml of NSM, and methane levels/incubation conditions were
maintained per above. At an absorbance of = 1.0 (Aggg, cm-!), the contents were used to
inoculate a baffled 2-liter bioreactor Omni-Culture Bench-Top Fermenter (Virtis Co:
Gardiner, NY). Methane and ambient air were bubbled continuously to maintain dissolved
oxygen at or above 80% of saturation throughout the growth period. Dissolved oxygen
(DO) was measured with a galvanic electrode (New Brunswick). Cultures were maintained
at 30°C and stirred at 400 rpm during growth. Both the wild-type (RTR) and mutant
(PP358) strains were grown to optical densities between 1.5-2.0 (Aggg. cm-1) in the
presence (5 uM) and absence (0.25 uM) of Cu(Il). Suspensions were centrifuged (10,000
x g, 10 min) after which centrate was filtered with a 0.22 um type-GS filter. Filtrates were
lyophilized (4.5 L Labconco unit) and stored at -20°C as source materials for subsequent

experiments.

4.3.2 Analytical techniques. In all experiments, growth was monitored via

measurement of light scattering at A=600 nm using a Shimadzu UV160U recording

spectrophotometer (Aggg, 1-cm cuvette).

Copper and nickel were analyzed using a Perkin-Elmer 303 atomic absorption

spectrophotometer with an HGA-400 graphite furnace and single-element copper and nickel
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lamps (Photron, Acy = 324.8 nm, AN; = 222.0 nm). Copper standards were prepared
from oven-dried Cu(NOs), dissolved in water with 0.1% HNO;. Nickel standards were
purchased from Perkin-Elmer.

4.3.3 sSMMO activity. Culture SMMO activity was examined using the

naphthalene colorimetric assay of Brusseau et al. (1990).

4.3.4 Paper chromatography. Ascending paper chromatography was
performed as described by Smith and Seakins (1975) with a solvent mixture of acetic acid,
n-butanol and water (3:12:5 by volume). Fractions of the SE-HPLC peak eluting near 25
ml (see below, Results section) were pooled for analysis. A 5-uL aliquot was applied to
the chromatographic paper (8 x 20 cm 3MM, Whatman) and dried with a hair drier at the
lowest setting. In order to increase the amount of sample applied to the paper, the
application procedure was repeated 10 times. Chamber equilibration with the solvent
occurred overnight. The prepared paper was then introduced into the solvent chamber to
initiate the separation. Runs were terminated after 4 hr. After removal of the chromatogram
from the chamber, it was dried at 100°C in an oven for 10 min and sprayed with a 5 mg/ml
solution of ninhydrin (Sigma) in acetone for staining. Chromatographs were analyzed

under visible and/or UV light.

Several other qualitative staining techniques were used to investigate possible
functional moieties of the CBL without chromatographic separation. Tests were
performed on 3 MM paper (Whatman) after ten depositions (5 L each) of a 20 mg/ml
solution of lyophilized filtrate from PP358 grown in copper-free media. 20 pL of the
respective reagents was added to the sample spot and compared with positive and negative
controls. The presence of sugars was analyzed with an aniline-based solution, histidines

with Pauly’s reagent, and phenols with Folin-Ciocalteu reagent. Tryptophan-containing
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metabolites were assayed with Ehrlich reagent. Reagents were prepared as described by

Smith and Seakins (1975).

4.3.5 Immobilized Metal Ion Affinity Chromatography (IMAC). Lyophilized
cell filtrate (0.05 g) was dissolved in 9 ml buffer (0.1 M sodium phosphate, 0.5 M NaCl,
pH 7.0), and passed through a column packed with 10 ml of fast-flow chelating Sepharose
(Pharmacia LKB Biotechnology). The column was charged with 4.5 mi of 50 mM
CuSO4. This amount of copper only partially saturates the copper-chelating groups on the
column, as evidenced by blue coloration of the stationary phase in just the top two thirds of
the column after charging with copper. Free functional groups in the bottom portion of the
column aid reduced copper "bleed” from the system. After charging the column with
copper, unbound copper was removed by washing the column with 50 ml of deionized
water and equilibrated with 30 ml of buffer (pH 7.0). Samples were then loaded, and any
unbound compounds on the column were eluted by washing with 30 ml of the pH 7.0
buffer. Washing continued with 30 ml of pH 5.8 buffer (0.1 M sodium acetate, 0.5 M
NaCl), followed by a second 30 ml wash at pH 3.8 (same as pH 5.8 buffer). The pH of
the buffers was adjusted with HCL. Fractions were collected in 2.5-ml increments, and

their absorbance was monitored spectrophotometrically at 280 nm.

4.3.6 Size exclusion HPLC (SE-HPLC). Normally samples were obtained
for SE-HPLC directly from cell cultures, as described previously. Alternatively,
lyophilized filtrate was suspended in TRIS buffer (0.02 M TRIS from Sigma, 0.1 M NaCl,
pH 7.5) at a concentration of 30 mg/ml for use in SE-HPLC. The solution was passed
through a 30 x 1-cm SE-100 17-pum column (Innovata, Sweden). A 200-pl sample loop
was used for all SE-HPLC experiments. Cu(II) was added to some samples (5 pL of 10
mM CuSO, stock solution) before they were analyzed to mark fractions with a high-affinity
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for copper and to establish the binding capacity of the ligand present. All samples were
eluted at a flow rate of 0.4 ml/min using the same TRIS buffer. Fractions (0.5 ml) were
collected and assayed spectrophotometrically (Agg). Copper was measured in the sample

before and after spiking with CuSO, and in eluent fractions.

4.3.7 Molecular weight determination. Molecular weight standards
included bovine serum albumin (67 KDa), ovalbumin (43.0 KDa), ribonuclease A (13.7
KDa), horse-heart cytochrome ¢ (12.4 KDa), eledoisin-related peptide (700 Da) and
tryptophan (204 Da) (Sigma). Urea (3 M) was added to the TRIS buffer to eliminate
potential hydrophobic interactions between solutes and the SE-100 HPLC column material.
Elution volume was then correlated to the molecular weight of the standards via linear

regression analysis.

4.3.8 Characterization of CBL binding strength. In competition
experiments, the biochelator (CBL) was mixed with copper and a chelator of known
affinity and binding strength for copper. Chelators (Sigma) included triethylenetetraamine
(TRIEN), ethylenediaminetetraacetic acid (EDTA), nitrilotriacetic acid (NTA),
ethylenediamine (EN), diethylenetriamine (DEN), iminodiacetic acid (IDA) and tryptophan.
In order to isolate CBL for competition experiments, lyophilized cell filtrate from PP358
cultures grown in medium containing 5 UM copper was prepared for SE-HPLC as
described previously. Fractions of the peak eluting near 25 ml (hereinafter the peak of
interest or POI) were pooled, and 120 uL of the combined fractions was mixed with 70 uL
of SE-HPLC TRIS buffer and 50 puL of a S0uM stock solution of a second (competing)
copper chelator prepared in SE-HPLC TRIS buffer. The resulting mixture was stored at
room temperature for 24 hours for attainment of equilibrium before components were again
separated by SE-HPLC. Copper was measured in the eluted fractions to determine its

distribution between the biochelator and the competing ligand. Additional analyses were
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4.3.9 CBL specificity for copper. POI solutions were obtained by pooling
fractions from the SE-HPLC 25-ml peak, after spiking the original PP358 sample with
copper as described above. 300 pL from the resultant solution was mixed with copper and
nickel stock solutions to give final liquid-phase metal concentrations of 5 uM (Cu) and 100
UM (Ni). Citrate was added to the mixture at a final concentration of 200 uM to complex
excess metal ions not bound to the CBL. A control solution was prepared in which 300 puL
of HPL.C TRIS replaced the POI solution. After storage at room temperature for 24 hours
(for attainment of equilibrium), the mixtures were separated by SE-HPLC. Copper and

nickel analyses were performed to determine which metal ion was bound to the CBL.

4.4 RESULTS

4.4.1 sMMO activity. PP358 cultures expressed sMMO during growth in the
bioreactor, with and without S5um Cu, as evidenced by naphthol production from
naphthalene. In RTR cultures, sMMO was expressed in Cu-free media but repressed by 5
UM Cu throughout the period of growth.

4.4.2 IMAC. No significant separation was achieved when lyophilized filtrates
from wild-type and mutant cultures were analyzed by means of an IMAC column with
immobilized copper. This result was unexpected since IMAC has been used frequently and
successfully to isolate proteins and other molecules with affinity for metal ions (Porath et
al. , 1975; Wong et al., 1991). Several binding and elution conditions (pH, ionic strength
and buffer composition) were tested with no evident sign of separation. Copper analysis
performed on fractions collected during elution from these IMAC runs revealed that copper

was scavenged from the column. Copper losses from the column were higher than
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background values and it correlated with the amount of resuspended filtrate present in each

analyzed fraction.

4.4.3 SE-HPLC. Representative chromatograms derived from the four cultures
tested (PP358 and RTR, with and without 5§ uM Cu) are summarized in Figures 4.1 to 4.4.
Each of these curves was developed without concentrating aqueous-phase constituents via
lyophilization. Although the results of replicate experiments are not presented,
chromatograms were reproducible. All copper-complexing agents were detectable at 280
nm, as evidenced by the co-elution of high copper levels and chromatogram peaks.
General features of the chromatograms derived from the mutant cultures, with and without
copper, were similar (Figures 4.1 and 4.2). In each case, copper was associated primarily
with a single peak (POI) at an elution volume of about 25 ml. The media blank showed no
such peak. Thus, in the presence or absence of external copper, the mutant strain excreted
one or more coeluting ligands with affinity for copper. The POI was also present in the
wild-type cultures, with and without copper, but accumulated to only modest levels when 5
UM Cu was provided (Figures 4.3 and 4.4). There was evidence of copper accumulation
in a second peak at an elution volume of about 12 ml in chromatograms derived from the

copper-free RTR culture.

To determine whether the POI contained a single or multiple compounds. eluent
fractions comprising the 25-ml peak (PP358 culture grown without Cu) were subjected to a
second separation step using SE-HPLC. Again, only one major peak was observed in SE-
HPLC (Figure 4.5). Peaks in absorbance and copper concentration again coincided. In the
absence of the POI, copper eluted from the column at an elution volume of approximately
15 ml. The 25-ml peak was also tested by paper chromatography. Only one (ninhydrin-
UV) spot was detected in the POI lane, again suggesting that the POI contained only one

primary compound. The spot was pink in the visible spectrum and fluoresced under UV
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light. There was no spot prior to the ninhydrin treatment. Primary amines typically yield a
purple color when treated with ninhydrin (Smith and Seakins, 1975).

4.4.4 Qualitative analysis of CBL functional groups. POI compounds,
including the CBL, failed to produce color with chromogenic reagents designed to react
with sugars, histidine, tryptophan and phenols. In the ultraviolet range, pooled fractions
from the SE-HPLC peak at 25 ml showed a peak at about 270 nm. There were no other
distinguishing special features.

4.4.5 Molecular weight determination. POI elution time in TRIS eluent
plus 3 M urea suggests that molecules contributing to the POI have a molecular weight of
about 500 Da (Figure 4.6). The possible presence of muitimers is indicated in Figure 4.5
by the small peaks preceding the main peak when the POI was eluted with 3 M urea. The
molecular weight associated with those peaks corresponds to dimers and trimers of the

CBL.

4.4.6 Characterization of CBL binding strength. TRIEN, EDTA and
DEN had greater binding strength for free cupric ion than did the external chelator
produced by M. trichosporium OB3b as can be seen in Table 4.1. Conversely. NTA. EN,
tryptophan and IDA bound copper less effectively than the CBL. The binding constant for
the CBL-Cu complex apparently lies between that of NTA (logK; = 13.1; Perrin, 1979)
and DEN (log K| = 16.0). Residual copper complexed with NTA, tryptophan and IDA
represents a stoichiometric excess (above the capacity of the biochelator). Similarly,
copper residuals associated with the POI in experiments involving TRIEN, EDTA and
DEN suggest that the capacity of the competing ligands to bind copper was exceeded

slightly in these experiments or that equilibrium was not completely attained over the 24-hr
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incubation period that preceded the separation. Typical chromatograms for these

competition experiments are shown in Figures 4.7 to 4.10.

Table 4.1 Fraction of copper associated with different chelators when mixed with Cu-

saturated POI solution®.
Chelator Cu-ligand Association Cu in ligand indicated
constant (log K,) (% of total Cu)
TRIEN 20.4° 76.7
EDTA 18.8¢ 68.3
DEN ratio DEN/Cu =2 16.0° 81.2
DEN ratio DEN/Cu =1 16.0° 34.0
DEN ratio DEN/Cu = 0.5 16.0° 24.3
NTA 13.1° 20.5
EN 10.5° 3.7
tryptophan 8.3¢ 14.4
DA 5.6% 20.6

4 An approximate 1:1 molar ratio (Chelator: Cu in POI) mixture was used in the

experiments unless otherwise noted.
b Hancock and Martell (1989).
€ Perrin (1979).
4" Chabarek and Martell (1952).

Estimated values for the association constant between the CBL and copper, based

on application of equations 4.1 and 4.2 are presented in Table 4.2. If it is assumed, in the

absence of stoichiometric data, that n = 1 (1:1 stoichiometry for the Cu-CBL complex), the
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Cu-CBL association constant can be estimated at 1.4 x10!6 M-1. Estimates corresponding
to other integer values of n are also provided. Chromatograms corresponding to the
separation of mixtures DEN/POI for different copper concentrations, from which values in

Table 4.2 were calculated, are shown in Figures 4.11 to 4.13.

Table 4.2 Copper association constant for CBL assuming different n values for the Cup-
CBL stoichiometry (See Equations 4.1 and 4.2).

DEN/Cu in POI n=l n=2 n=3
0.5 1.6 x 1016 5.1x 1032 1.7 x 1049
| 2.6 x 1016 9.0 x 1032 34x 1049
2 3.1 x 1015 4.2 x 1031 5.7 x 1047
Kcar (avg) 1.4 x 1016 M-! 1.4 x 1032 M-2 1.7 x 109 M-3

4.4.7 CBL specificity for copper. Analyses of HPLC fractions from the
POI-Cu-Ni mixture revealed that copper remained bound to the CBL, even when the total
nickel concentration was 20 times that of copper. That is, the complexation of copper with
ligand that comprised the POI was unaffected by excess nickel. Furthermore, under the
test conditions, the distribution of Ni in chromatograms was unaffected by the presence of

the biochelator.
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4.5 DISCUSSION

The results presented here clearly show that a ligand (CBL) suspected by Fitch er
al. (1993) of solubilizing copper extracellularly in wild-type and mutant cultures of M.

trichosporium OB3b , exists and can be separated via SE-HPLC.

Although IMAC has been successfully used to isolate compounds with affinity for
copper (Gordon, 1992; Harwood-Sears and Gordon, 1990), it has proven unsuccessful in
the isolation of the CBL from M. trichosporium OB3b. The implicit limitation of IMAC is
that it will only be useful in purifying molecules with an affinity for the immobilized metal
ion lower than that of the chelating group in the gel. The CBL turned out to be a stronger

chelator than IDA effectively stripping metal ions from the IMAC gel.

There are indications that only a single primary compound was present at an elution
volume of 25 ml in SE-HPLC fractions of spent, cell-free media preparations (Figures 4.1
and 4.2). When fractions that comprised the 25-ml peak were pooled and subjected to a
second SE-HPLC separation, a single peak was again evident (Figure 4.5). The peak
shifted but remained coherent in response to urea addition (Figure 4. 5) or changes in the
ionic strength of the eluent (see below). These results are supported by those of copper
ligand competition experiments in which the peak at 25 ml was always preserved during

secondary chromatographic separations (Figure 4.7 to 4.10) and by data from paper

chromatography.

The presence of a peak near 280 nm in the POI UV spectrum suggests that the
biochelator has at least one aromatic functional group. Results from ninhydrin
chromogenic reactions are inconclusive with respect to the peptidic nature of the
biochelator. Other qualitative tests performed indicate that histidine, tryptophan and phenol

derivatives do not contribute to the CBL structure.
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Unlike other UV-absorbing peaks in Figures 4.1 and 4.2, elution of the CBL was
delayed significantly by hydrophobic interactions with the size-exclusion gel. Higher
eluent ionic strength in the range 0.05-0.25 M increased the elution volume of the POI but
did not significantly modify the elution pattern of other components in the mixture.
Addition of 3 M urea to the elution buffer accelerated the appearance of the POI (Figure
4.5) suggesting that hydrophobic interactions significantly retarded transport of the Cu-
ligand complex. Urea is commonly added to elution buffers to eliminate hydrophobic
interactions between the gel matrix and the analytes to be separated. The small peaks at
elution volumes of 14 and 13 ml (corresponding to molecular weights of 1400 and 2400
Da) may represent multimers of the primary ligand. Free CBL and the Cu-ligand complex
could not be separated using the SE-HPLC technique.

In summary, the existence of an external copper-binding chelator produced by wild-
type and mutant cultures has been proven. The chelator has been identified and

characterized with respect to its affinity for copper, molecular weight and functionality.
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Figure 4.1 Typical size exclusion HPLC chromatogram and corresponding copper
analyses for filtrate derived from a batch PP358 culture. Copper concentration
in the original growth media and culture optical density at the points of
analyses were, respectively 0.25 uM (copper free) and Aggo = 1.69.
Symbols: o, Copper concentration; —, UV absorbance @ 280 nm. Dashed
line indicates absence of data in that region.
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Figure 42 Typical size exclusion HPLC chromatogram and corresponding copper
analyses for filtrate derived from a batch PP358 culture. Copper concentration
in the original growth media and culture optical density at the points of
analyses were, respectively 5 uM and Aggp = 1.06. Symbols: o, Copper
concentration; —, UV absorbance @ 280 nm. Dashed line indicates absence
of data in that region.
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Figure 4.3 Typical size exclusion HPLC chromatogram and corresponding copper
analyses for filtrate derived from a batch RTR culture. Copper concentration
in the original growth media and culture optical density at the points of
analyses were, respectively 0.25 uM (copper free) and Aggo = I.15.
Symbols: o, Copper concentration; —, UV absorbance @ 280 nm. Dashed
line indicates absence of data in that region.
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Figure 44 Typical size exclusion HPLC chromatogram and corresponding copper
analyses for filtrate derived from a batch RTR culture. Copper concentration
in the original growth media and culture optical density at the points of
analyses were, respectively 5 UM and Aggo = 1.12. Symbols: o, Copper
concentration; —, UV absorbance @ 280 nm. Dashed line indicates absence
of data in that region.
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Figure 4.5 SE-HPLC chromatograms developed from fractions that comprised the peak
of interest (POI) at 25 ml (PP358 cuiture grown with 5 uM Cu). Symbols:—,
SE-HPLC with TRIS as elution buffer; —, SE-HPLC with TRIS pilus 3 M
urea as elution buffer; -0-, copper concentration in fractions derived from
TRIS eluent, no urea.
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Figure 47 SE-HPLC chromatogram and corresponding copper analyses for copper-
competition experiments between CBL and ethylenediamine. Symbols:—, UV
absorbance @ 280 nm; -0-, copper concentration in collected fractions.
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Figure 4.8 SE-HPLC chromatogram and corresponding copper analyses for copper-
competition experiments between CBL and DEN. Symbols:—-, UV
absorbance @ 280 nm; -0-, copper concentration in collected fractions.
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Figure 49 SE-HPLC chromatogram and corresponding copper analyses for copper-
competition experiments between CBL and pitrilotriacetic acid. Symbols:—,
UV absorbance @ 280 nm; -o-, copper concentration in collected fractions.
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Figure 4.10 SE-HPLC chromatogram and corresponding copper analyses for copper-
competition experiments between CBL and TRIEN. Symbols:—, UV
absorbance @ 280 nm; -o0-, copper concentration in collected fractions.
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Figure 4.11 SE-HPLC chromatogram and corresponding copper analyses for binding
constant-determination experiments between CBL and diethylene triamine at a

(DENY/(Cu in CBL) molar ratio of 0.5. Symbols:-, UV absorbance @ 280

nm; -o-, copper concentration in collected fractions.
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Figure 4.12 SE-HPLC chromatogram and corresponding copper analyses for binding
constant-determination experiments between CBL and diethylene triamine at a

(DENY(Cu jn CBL) molar ratio of I, Symbols:—, UV absorbance @ 280 nm;

-0-, copper concentration in collected fractions.



131

0.005 1

0.0045 ”
0.004 {
10.75
E 0.0035 | —
= =
[—] =
® 0.003 1 =
® -
o 0.0025 0.5 S
[ ¥
g '
2 0.002 - 2
[
2 =
< 0.0015 - i
L 0.25
0.001 4
0.0005
0 0
30

Vol (ml)

Figure 4.13 SE-HPLC chromatogram and corresponding copper analyses for binding
constant-determination experiments between CBL and diethylene triamine at a

(DENY/(Cu in CBL) molar ratio of 4, Symbols:—, UV absorbance @ 280 nm:

-0-~, copper concentration in collected fractions.



CHAPTER §
ROLE OF BIOCHELATOR IN THE COPPER ACQUISITION

MECHANISM OF M. trichosporium OB3b

5.1 SUMMARY

Wild-type M. trichosporium OB3b cells and mutants that express sMMO in the
presence and absence of copper (sMMOC) were used to obtain cell exudates that were
separated and analyzed via HPLC size exclusion chromatography. In mutant cultures that
were unable to acquire copper, extracellular copper-binding ligand (CBL) accumulated to
high levels in both the presence and absence of copper. Conversely, in wild-type cultures
with 5 uM Cu(Il), extracellular CBL was maintained at a low, steady level during
exponential growth, after which the external ligand was rapidly consumed. When Cu(II)
was omitted from the growth medium, the wild-type organism produced the CBL at a rate
that was proportional to cell density. After copper addition to this previously Cu-deprived
culture, CBL and copper concentrations in the medium decreased at approximately the same
rate. Apparently the extracellular copper-binding ligand was produced throughout the
period of cell growth, in the presence and absence of Cu(I), by both the mutant and wild-
type cultures, and was reinternalized by the wild-type cultures when bound to copper. The
mutant was unable to reacquire the biochelator in the presence or absence of copper. CBL
produced by the mutant strain facilitated copper uptake by wild-type cells, indicating that
extracellular copper-binding ligands produced by the mutant and wild-type organisms are
functionally indistinguishable. CBL from the wild-type strain did not promote copper

uptake by the mutant. External complexation may play a role in normal copper acquisition
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by M. trichosporium OB3b. The sMMOF€ phenotype is probably related to the mutant’s
inability to take up CBL-complexed copper, not to a defective CBL structure.

§.2 INTRODUCTION

Chapter 4 presented experiments leading to the identification and characterization of
a copper-binding ligand produced by wild-type and mutant cultures of M. trichosporium
OB3b. Even though its detailed chemical structure is unknown, basic information
regarding its properties was made available in the previous Chapter. The molecule has a
surprisingly low molecular weight (about 500 Da) and a hydrophobic nature. However, the
most interesting characteristic of the CBL is its relatively high affinity and selectivity for
copper (binding constant of 1.4 x 1016 M-1),

Two options are available to explain the production of such a molecule by M.
trichosporium OB3b. First, it is possible that the CBL is produced as a defense mechanism
in response to a high copper concentrations in the medium. Second, the bacteria release the
CBL into their surrounding environment because they are actively seeking copper as a
required trace metal in their metabolism.

It is well known that microbial copper-detoxification mechanisms include
extracellular complexation. This strategy is practiced by the cyanobacterium Plectonema
boryanum and the marine bacterium Vibrio alginolyticus, which produce an extracelluiar.
copper-complexing ligand at [Cu(II)]>50 UM (Jardim and Pearson, 1984; Haywood-Sears
and Gordon, 1990). In other organisms, exopolysaccharide production is a response to
relatively low concentrations of free cupric ion (= 1.5 uM, Kidambi et al., 1995).
However, the strength by which isolated ligand binds copper suggests that copper

acquisition is its primary function. A weaker ligand might suffice for metal detoxification.
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This conclusion is supported by independent work done with M. trichosporium
OB3b by Graham (1992). His results showed that complexation of Cu(Il) with strong
ligands such as triethylenetetraamine (TRIEN) did not interfere with the ability of wild-type
M. trichosporium OB3b to acquire Cu(Il) in batch cultures. Unexpectedly, provision of
extracellular ethlenediaminetetraacetic acid (EDTA) actually promoted pMMO expression in
the presence of low Cu(Il) concentrations. TRIEN briefly motivated the expression of
sMMO, but this activity was transient and quickly disappeared, suggesting that after the
organisms sense copper starvation, they become capable of aggressively acquiring Cu(Il)

from their surroundings.

Zahn and DiSpirito (1996) working with the methanotroph Methylococcus
capsulatus (Bath) found that this organism produces a copper-binding compound that binds
two to three atoms of copper per molecule. This molecule is apparently a cofactor of
pMMO that is associated with the active site of the enzyme. Similarities between this
copper-binding compound and the CBL isolated from M. trichosporium OB3b, like their
low molecular weight and affinity for copper, suggest that the compounds may be related.
However, there is no certainty yet as to whether these two molecules perform analogous

functions in the two organisms.

This Chapter describes experiments designed to illuminate physiological aspects of
the external, copper-binding ligands produced by the wild-type M. trichosporium OB3b
and PP358, a sMMOC mutant. Results bear on the role of copper in MMO selection among

sMMO-producing methanotrophs and the nature of mutations that are responsible for stable

sMMOC€ phenotypes.

As mentioned in the introduction to this Dissertation, investigation of the copper

acquisition mechanism of M. trichosporium 0B3b is relevant to the field of bioremediation
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because of the potential use of methanotrophic bacteria for cometabolic treatment of

halogenated aliphatics.

5.3 MATERIALS AND METHODS

5.3.1 Bacterial strains and growth conditions. The wild-type M.
trichosporium OB3b (ATCC 35070), designated RTR, and sMMOC mutant PP358 (ATCC

55315) were grown and mantained as described in Chapter 4.

5.3.2 Analytical techniques. HPLC and Cu analyses were performed as
described in Chapter 4.

5.3.3 sMMO activity. Culture sMMO activity was examined using the
naphthalene colorimetric assay of Brusseau et al. (1990). To provide a quantitative
estimate of sMMO activity, several 0.5-ml aliquots of the cell-formate suspension were
mixed with 0.5 mli of the saturated naphthalene preparation and incubated at 30°C. These
were sacrificed at 10-min intervals for development and measurement of color at 528 nm.
Absorbance at 528 nm was converted to concentration of the naphthol-azo dye using an

assumed extinction coefficient of 38,000 M-! cm-! (Brusseau et al., 1990).

5.3.4 CBL/Cu uptake experiments. Copper mass balance. These
experiments were designed to illustrate the manner in which Cu affects the
production/utilization of the CBL and the nature of sMMOC mutation in PP358. Both the
RTR and PP358 strains were grown without copper in 1-L Erlenmeyer flasks to optical
densities (Aggo) of 1.0-1.5 absorbance units. At this point, the cultures were split. Copper
(10 pM in the RTR culture, 5 uM in PP358) was added to half the reactor contents. In
each case the second half was left undisturbed. Incubation/growth was renewed for both



fractions. Periodic measurements included Agog, SMMO activity (quantitative assay), the
POI peak area (by SE-HPLC), and the aqueous- and particulate-phase Cu concentrations.
For Cu measurements, 1.5-ml culture samples were centrifuged for 10 min at 6600 x g
(Eppendorf model 5415C). Centrate was passed through a 0.22 uM filter (Millipore GS
type) prior to the measurement of soluble Cu in the filtrate. The cell pellet was resuspended
in 1.5 ml of a 10 mM EDTA solution (pH 4.8) and incubated for 10 min with constant
agitation. The resultant solution was again centrifuged, and Cu was measured in the filtered
centrate to yield EDTA-extractable, particulate Cu. The (second) pellet was again
resuspended in 1.5 ml of deionized water for the measurement of particulate, non

extractable copper.

5.3.5 Culture/media transfer experiments. Another subset of experiments
was designed to see if the PP358 phenotype was related to a defect in CBL produced by
that strain. Objectives were pursued by transferring (i) wild-type (RTR) cells to cell-free
media containing CBL developed by the mutant strain and (ii) PP358 cells into cell-free

media, including CBL, that had previously supported growth by the RTR strain.

Both the RTR and PP358 cultures were grown to mid-log phase (Aggg=1.0-1.5) in
1-L Erlenmeyer flasks containing copper-free NSM (150-ml liquid volume). At that point,
cells were separated from the liquid phase by a combination of centrifugation and filtration
(0.22 um, Millipore type GS) to yield a cell-free medium and washed cell suspension
corresponding to each original culture. These were recombined by resuspending RTR cells
in the cell-free PP358 growth medium and the mutant cells in the cell-free RTR medium
(initial Aggg = 1.0). Copper was added to each culture/media combination to a final
concentration of 5 uM. Periodic samples from each recombined culture were used to

measure growth (Aggg); SMMO activity; CBL concentration; and the soluble, extractable

and particulate copper concentrations.
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5.4 RESULTS

5.4.1 sSMMO activity. PP358 cultures expressed sMMO during growth on
NSM plus methane, with and without 5 uM Cu, as evidenced by naphthol production from
naphthalene. As expected, in RTR cultures sSMMO was expressed in Cu-free media, but
sMMO activity was absent when cells were grown in media containing S uM Cu. The ratio
of total copper to cell dry weight at the maximum cell density was about 5.8 pumol/g cell dry
weight (CDW), a value that should have prevented sMMO expression in the RTR culture
(Hanson and Hanson, 1996).

5.4.2 SE-HPLC. The pattern of accumulation of compounds that contributed to
the POI, indicated by the time-dependent peak area at 25 ml (from SE-HPLC
chromatograms), differed significantly in the mutant and wild-type cultures (Figures 5.1 to
5.4). Until PP358 reached stationary growth, the POI area increased at a rate that was
about proportional to culture optical density (Figures 5.1 and 5.2). Upon entry into
stationary phase, however, no further increase in POI area was evident. The pattern of
growth/POI development was similar for mutant cultures grown in the presence or absence
of copper, and a similar pattern was apparent in the copper-free, wild-type culture (Figure
5.3). In the RTR culture with 5 uM Cu(Il), however, POI area stabilized quickly at a low
level and remained steady throughout the period of cell growth (Figure 5.4). At the onset
of stationary growth, POI area dropped to undetectable levels in the culture medium.

Notice that relative POI area (plotted in several figures) represents area of the SE-
HPLC peak at 25 ml elution volume normalized using the peak area from the Figure 4.1
(previous chapter) chromatogram (PP358 culture, Agpg = 1.06; grown in 5 uM Cu).
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When chromatograms were derived from samples spiked with excess copper, peak
area at 25 ml was assumed to be proportional to the concentration of copper-binding ligand
in the sample. The constant of proportionality (r) was obtained from the copper present in
pooled HPLC fractions for the same peak assuming that the copper:CBL stoichiometry was
1:1. Based on the results of 10 such measurements of peak area and copper, r was
estimated at 0.14 £ 0.04 uM CBL per unit of POI-area . The mean value was at times used
to calculate CBL concentrations based on measurements of peak areas at 25 ml. During
mid-log growth, the apparent CBL masses (peak areas) for both mutant cultures (with and
without copper) and for the wild-type grown with no copper were an order of magnitude
greater than that of the RTR culture grown in 5§ uM Cu (Table 5.1).

Table 5.1. Copper complexing capacity of accumulated CBL in growth media derived
from M. trichosporium OB3b(RTR and PP358).

Culture ID Growth Optical Density  Cu-complexing capacitya-b
conditions (A600) pmol copper(g CDW)-!
RTR 0.25 uM Cu 2.87 1.85
SuMCu 2.90 0.20
PP358 0.25 uM Cu 2.76 2.07
SuM Cu 1.69 2.55

2 The Cu-complexing capacity is expressed in pmoles of complexed Cu per gram of CDW.
A unit of optical density (A600) corresponds to 0.43 g CDW/L (Fitch et al.. 1993).

b POI mass was obtained from measurement of POI area and conversion using 0.137 uM
CBL per HPLC POI-area units (see text). For the “copper-free” measurements, values
represent lower limits to the copper-complexing capacity of the liquid phase.

5.4.3 CBL and copper uptake. Copper mass balance. The effect of

copper addition to an RTR culture that was grown under copper-free conditions is
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illustrated in the comparison of copper-amended and unamended fractions (Figures 5.5 and
5.6). In the unamended (copper free) culture, CBL accumulated in the medium to levels
that were similar to those observed previously (Table 5.1). As expected, sMMO activity in
the unamended fraction remained essentially constant after an initial transient period.
Conversely, sMMO activity in the Cu-amended wild-type culture decreased dramatically
immediately after copper addition, and the POI concentration decreased until it was virtually

undetectable. Growth was slightly faster in the Cu-amended fraction.

It is also noteworthy that, in the copper-amended fraction, aqueous-phase copper
decreased in parallel to the POI until it reached background levels. When added copper
was exhausted near the end of the experiment, the wild-type cells again produced sMMO.
and extracellular levels of CBL also increased. Periodic measurements of particulate
copper indicated that copper lost from the liquid phase was, in fact, assimilated into cell
mass (Figure 5. 7). A reasonable mass balance (+ 20 percent) was maintained for total
copper throughout the experiment. Relatively little (< 10 percent) of the particulate copper
was solubilized via EDTA extraction. In the mutant culture, about 80 percent of the S uM
copper amendment remained soluble throughout the 5-day (post copper addition)
incubation period. Essentially no copper was assimilated, and sMMO remained active
throughout the experiment . As expected, extracellular levels of CBL also remained high.

Most of the copper in the medium remained soluble following addition of the Cu
stock solution to the wild-type culture. However, as time elapsed, copper concentration in
the medium decreased as the cell copper content increased (Figure 5.7). At any given
moment, copper partitioned mostly between the medium (as a soluble species) and the
cells, and it was not available by extraction using EDTA. When copper was at background
levels in the medium, most of it was present in the cell fraction. EDTA was able to extract

some copper from the resulting pellet after centrifugation, but ultimately the fraction of
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extractable copper was minimal compared to the total copper present. The amount of
extractable copper by each chelator remained relatively low and constant throughout the

duration of the experiment.

5.4.4 Culture/medium transfer experiments. When RTR cells grown in
copper-free NSM were washed and resuspended in cell-free media (5 uM Cu) derived from
the PP358 culture, CBL produced by the mutant was taken up by the wild-type organism,
as was extracellular copper (Figure 5.8). Furthermore, sMMO activity in copper-starved
wild-type cells decreased immediately, without interruption of growth.

A control of sorts was provided by resuspending RTR cells grown without copper
in cell-free media (no Cu) derived from a mutant culture that was grown without copper
(Figure 5.9). As expected, SsSMMO expression and growth continued following
resuspension of the RTR cells. In the absence of copper, however, the wild-type cells
apparently did not assimilate CBL from the mutant. Accumulation of CBL following the

transfer was a result of RTR activity in the copper-free medium.

The inverse experimental procedure involved resuspension of mutant cells in cell-
free media derived from an RTR culture that was grown without copper. Approximately 5
UM copper was added before growth was reinitiated in this culture (Figure 5.10). It is
apparent that neither growth nor sMMO activity was interrupted in the resuspended culture.
Furthermore, following the transfer, mutant cells could assimilate neither CBL produced by

the RTR nor (as expected) copper.

5.5 DISCUSSION
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The copper binding ligand (CBL) whose preliminary characterization was presented
in a previous chapter, was probably responsible for changes in extracellular copper

speciation that were reported by Fitch et al. (1993).

From SE-HPLC chromatograms of (spent) cell-free medium, it is apparent that
CBL is excreted by both RTR and PP358 strains in the presence and absence of copper.
Wild-type cells assimilate Cu and CBL when both are present, but, in the absence of
copper, CBL is not taken up. On the other hand, the mutant culture is unable to take up
copper or the CBL under any circumstances. Results suggest that the CBL plays a role in

copper assimilation by the wild-type strain.

Experimental evidence indicates that (i) CBLs from the mutant and wild-type
organisms both elute at 25 ml during SE-HPLC separations, (ii) both readily bind copper,
(iii) both are functional in terms of their abilities to promote copper uptake by wild-type
cells and (iv) neither supplies copper to the mutant. In short, there are good reasons to
suspect that ligands produced by the two strains are functionally identical. There is no
evidence to the contrary.

Findings support hypotheses relative to the origin of the sMMOC phenotype that
were proposed by Fitch ez al. (1993), i.e., that the mutant phenotype resulted from a defect
in the mechanism of copper acquisition by M. trichosporium OB3b. Unlike wild-type
cells, PP358 was Cu-starved in the presence or absence of an external source of copper. [t
is evident that the mutant phenotype arises from the cells’ inability to take up complexed
copper, perhaps due to the absence of or a defect in a membrane-bound receptor protein,
but certainly not due to a defect in the CBL. It was shown that the ligand produced by
strain PP358 can be used by the wild type culture to acquire copper. Furthermore, copper
complexed with CBL produced by wild-type M. trichosporium OB3b is unavailable to
strain PP358.
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Further evidence that the CBL is involved in copper acquisition is provided by the
fact that the ligand was apparently taken up only after copper was provided to an originally
copper-deficient RTR culture. The CBL concentration increased again when the copper
concentration in the medium dropped to background levels. sMMO activity was lost when
the CBL-copper complex was internalized, and sMMO was again produced when copper
was exhausted from the growth medium.

During growth of the wild-type culture without copper and in cuitures of PP358
under all copper conditions investigated, the rate of CBL accumulation was about
proportional to cell density (Figures 5.1 to 5.3). Results suggest that the ligand was
produced at a rate that was proportional to cell number and that reinternalization of CBL
was negligible under those growth conditions. The early stabilization of CBL
concentration in the wild-type culture with copper (Figure 5.4) suggests that CBL
production was matched by uptake during exponential growth. Assuming that the
intracellular copper concentration is about 1 ymol Cu per g CDW in M. trichosporium
OB3b (under copper sufficient conditions) the calculated rate of CBL production/copper
acquisition is about 500 molecules+(cellsmin)-!. The calculation is based on an apparent
doubling time of 20 hrs and a conversion factor of 1012 celis per g CDW. The figure is of
the same order of magnitude as the calculated specific rate of CBL accumulation in the
mutant culture (Figure 5.1). The calculation/comparison suggests that CBL is produced at
a rate that nearly balances the cell's need for copper under maximum growth conditions and

accounts for the lack of CBL accumulation in wild-type cultures grown with copper.

Although the effectiveness of CBL for copper detoxification has not been tested, the
strength of copper complexation by the isolated ligand suggests that copper acquisition is
its primary function. A weaker ligand might suffice for metal detoxification. Moffett and

Brand (1996) reported that the binding constant for complexes involving Cu and a
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biochelator produced by a marine bacterium in response to copper stress lies between 1012
and 1013 M-1. Results indicate that the binding constant for the Cu-CBL complex is greater
by 3-4 orders of magnitude.

In summary, the CBL is produced constitutively during periods of growth by both
the mutant and wild-type cultures. The wild-type cell is able to reinternalize the copper-
binding ligand when copper is present in the growth media. However, under no
circumstances does the mutant reacquire the biochelator. The mutation in PP358 seems
unrelated to possible defects in the CBL since CBL produced by PP358 was readily
internalized by a growing RTR culture. Furthermore, CBL produced by the RTR strain did
not support copper uptake by the mutant. It is hypothesized that the biochelator is part of
the normal mechanism of copper uptake by M. trichosporium OB3b. Metal detoxification
remains an alternative, although much less likely. physiological explanation for ligand

production.
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CHAPTER 6

QUANTITATIVE ANALYSIS FOR sMMO AND PMO ACTIVITY

6.1 SUMMARY

An existing qualitative colorimetric method to detect the presence of sMMO has
been improved in order to provide reliable quantitative results. The method involves
enzymatic oxidation of naphthalene to naphthol. Naphthol reacts with an azo derivative to
produce a colored dye. Color from the naphthol-azo dye is measured at 528 nm.
Absorbance at this wavelength is proportional to the amount of naphthol produced during a
given length of time. sMMO activity is calculated from these measurements after

normalization bases on cell concentration.

Until now, the instability of the dye has precluded the effective use of the method as
a quantitative tool. Precipitation of the naphthol-azo dye has been avoided in this work by
adding ethanol to the cell-naphthalene reaction mixture. In addition to stabilizing the
colored complex, ethanol aids in the extraction of the naphthol produced in the reaction.
Furthermore, the addition of ethanol quenches the naphthalene oxidation reaction providing
sufficient time to remove the cells from solution, which otherwise would interfere with the

measurement.

The proposed method has been used successfully to quantify sMMO activity from
the methanotroph M. trichosporium OB3b and PMO activity from the propane oxidizer M.
vaccae JOBS.
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6.2 INTRODUCTION

Brusseau and collaborators (1990) first applied a colorimetric assay that detects the
presence of 1- and 2-naphthols in solution to the qualitative analysis of soluble methane
monooxygenase (SMMO). The method was based on an observation first reported by
Wackett and Gibson (1983) that a certain aromatic diazo compound (tetrazotized o-
dianisidine, ToD) reacts with naphthol producing a colored complex. Detection of the
colored complex can be made visually or spectrophotometrically (528nm) and is indicative

of the presence of naphthol and ultimately of sMMO activity.

The ToD reagent is capable of reacting with other aromatic alcohols, like phenol. in
addition to naphthols. Similarly, although in an indirect manner, cis-dihydrodiols can also
be detected with ToD because they can easily be transformed to phenol derivatives under
acidic conditions (Wackett and Gibson, 1983). Even though these properties suggest
wider applicability of the ToD reagent to the analysis of other enzymatic systems that
produce, directly or indirectly, the mentioned alternate compounds. other applications have

yet to be reported.

Brusseau's method has been widely used since its inception with slight
modifications by several investigators to detect SMMO activity (Koh et al. 1993: Henryson
and McCarthy, 1993; Bowman and Sayler, 1994). The colorimetric assay was extended to
include its application to specific bacterial and fungal colonies grown on solid media
(Wacket and Gibson, 1983 and Graham et al., 1992). Brusseau's method represented a
practical improvement over other methods used at the time to detect sMMO activity that
required product extraction and the use of gas chromatography in the analysis. Such are
the cases of cyclohexane oxidation to cyclohexanol (Colby et al., 1977: Burrows et al..

1984 and Oldenhuis et al., 1989), propene to propene oxide (Fox et al.. 1990) and TCE
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(trichloroethylene) to TCE-epoxide (Little et al., 1988). The use of antibodies with specific
affinity for protein components of the sMMO system (Tsien et al., 1989) is an example of
another method that is time-consuming and labor-intensive compared to naphthol detection.
All the substrates mentioned above share the essential characteristic of being selectively
oxidized by sMMO but not by pMMO, with the particular exception of TCE, for which
some researchers have reported significant degradation rates by pMMO (Arvin,

1991;DiSpirito et al., 1992; Anderson and McCarthy, 1997).

In addition to the practical advantages already mentioned, the colorimetric assay for
sMMO has remained in use because of the reported correlation between naphthalene
oxidation and TCE degradation by methanotrophic bacteria that are capable of synthesizing
sMMO. Brusseau et al. (1990) showed qualitatively that if sSMMO from a particular
methanotroph is able to produce naphthol when incubated with naphthalene. then the
bacteria will be able to degrade TCE. According to the investigators, not all sMMO-
producing methanotrophs are capable of naphthalene or TCE oxidation. More recently,
Bowman et al. (1993) and Bowman and Sayler (1994) have successfully correlated rates of

naphthalene oxidation to rates of TCE degradation in several methanotrophs.

Several attempts have been made over the years to apply the colorimetric assay to
the quantitative analysis of sSMMO (Bowman et al., 1993; Henryson and McCarthy, 1993;
Bowman and Sayler, 1994). Their modified methods are similar and can be collectively
described as follows: dilution of the bacterial suspension to an absorbance of
approximately 0.2 (600 nm), addition of formate (not in all cases) and incubation of the
suspension for 1 hr with an aqueous saturated solution of naphthalene. Spectrophotometric
measurement of absorbance at 528 nm (Ajs38) followed immediately after addition of a

freshly-prepared solution of the ToD reagent.
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None of the investigators mentioned above reported degassing the cell solutions to
eliminate dissolved methane, which competes with naphthalene for the sMMO enzyme.
Perhaps the low solubility of methane in water dissuaded them from performing the step
which was originally listed in Brusseau's article. No known studies have been performed
to assess the necessity of degassing. However, the added benefit of increasing dissolved
oxygen (required for oxidation) when degassing with an air stream suggests that the step
should be retained. Surprisingly, all of the aforementioned researchers relied on a single
measurement over time (1 hr) to assess sSMMO activity instead of the theoretically more

acceptable incubation for different periods of time.

Despite the practical advantages of the colorimetric assay over other methods to
detect sMMO, potential complications could arise over the course of the experiment due to
the fact that bacteria are not removed from solution and they contribute to absorbance at the
wavelength of interest (528 nm). Heat-killed and Cu-grown bacteria are used in the
reference cell of the spectrophotometer to alleviate the problem, although their use limits the
maximum optical density (600nm) of the bacterial suspension that can be used in the assay.
Following the current methodology, elimination of the bacteria from solution has proven
difficult because when cells are removed before addition of the ToD reagent. some naphthol
molecules are also discarded (apparently adsorbed onto the cell surface); and when cells are
removed after color development, the naphthol-azo dye formed decomposes quickly before

separation can be completed.

Perhaps one of the most important disadvantages of the current colorimetric method
is the extreme instability of the colored reaction product. Absorbance at 528 nm must be
measured immediately after addition of the ToD reagent to the test solution, when Asag is at
its maximum. Decomposition of the product starts as soon as it is formed. Decrease in

absorbance at the wavelength of interest occurs at such a high rate that a difference of a few
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seconds can produce a large difference in the measured value. The unfortunate conclusion
is that when quantitative sSMMO activity information is sought, the method becomes

operator-dependent.

The purpose of the work presented in this chapter is to develop a reliable
quantitative colorimetric assay for sMMO activity that reduces or eliminates completely the

disadvantages mentioned above for the current protocol.

6.3 MATERIALS AND METHODS

6.3.1 Bacterial strains and growth conditions. The wild-type
Methylosinus trichosporium OB3b (ATCC 35070) was grown on nitrate salts medium
(NSM) containing 5 mM Na;HPO4 and 5 mM KH,PO4 (adjusted to pH 7.0). 10 mM
NaNO3, 1.0 mM K;S04, 1.0 mM MgSOy4 - 7H;0, 0.1 mM CaCl, - 2H,0, 10 uM
NaMoOy,- 2H,0, 1| pM MnSO,4-H;0, 1 pM CoCl,- 6H,0, 2 uM ZnSO4- 7H,0, 1 uM
KI, and 2 uM H3BOj3. Iron was provided from a filter-sterilized stock solution of FeSO;
to a final concentration of 40 UM after other media components were autoclaved and
cooled. Plates were used to inoculate overnight liquid cultures grown in 165-ml serum
vials containing 13 ml NSM. The serum vials were crimp-sealed with Teflon-coated

rubber septa. 20 ml of methane was fed to the vials using a sterile syringe and needle.

At mid-log phase (absorbance at 600 nm = 0.4), these cultures served as inocula for
1-L, sealed Erlenmeyer flasks with a total liquid volume of 100 ml. Methane was added
periodically by establishing a partial vacuum in the flask and backfilling with 99.0% purity
methane (Union Carbide). Cultures were incubated at 30°C and agitated at 240 rpm on a

rotary shaker.



159

The propane oxidizer Mycobacterium vaccae JOBS was cultured in the same
mineral-salts medium as M. trichosporium OB3b following identical procedures but

injecting propane instead of methane when appropriate.

6.3.2 Analytical techniques. In all experiments, naphthol-azo dye
concentration and bacterial growth were monitored via measurement of light scattering at
A=528 nm and A=600 nm respectively, using a Shimadzu UV160U recording

spectrophotometer (Aspg, Aggg, 1-cm cuvette).

6.3.3 Enzyme-activity determination. Formate from a 200 mM stock
solution was added to a cell suspension (M. trichosporium OB3b or M. vaccae JOBS, Agyg
< 1.0) to provide a final formate concentration of 20 mM. The suspension was stripped of
methane by bubbling air for 30 seconds. 0.5-ml aliquots of the resultant suspension were
mixed with 0.5 ml of an aqueous naphthalene-saturated solution. Mixtures were
immediately incubated at 30 °C on a shaker table at 200 rpm. Triplicate fractions were
sacrificed at time intervals (15, 30, 60 min) by adding 0.5 ml of absolute ethanol. Bacterial
cells were removed by centrifugation (5 min at 6600 x g, Eppendorf model 5415C) or
filtration (0.2 um Acrodisc LC13 PVDF filters). When centrifugation was used, a syringe
was employed to withdraw supernatant from the Eppendorf microfuge tubes. 35ulofa 5
mg/ml solution of tetrazotized o-dianisidine reagent (zinc chloride complex, SIGMA) were
added to the supernatant or filtrate, mixed in a vortexer (Thermolyne type 37600) and
incubated in the dark for 10-15 min. Absorbance at 528 nm was measured after
incubation. Solutions for the reference cell in the spectrophotometer were prepared by

using cell-free filtrates subjected to the same procedures as before.

6.3.4 Stability of naphthol-azo dyes in water and 33% ethanol. 100
MM stock solutions of both 1- and 2-naphthol were prepared by dissolving 0.007 gr of the
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appropriate reagent in 250 pl of absolute ethanol. The resulting solution was transferred to
a 500-ml volumetric flask that was filled to the mark with deionized (DI) water. 2.3, 3.4
and 9.2 uM solutions of 1-naphthol were prepared via dilution of samples from the 100
WM stock solution. Similar solutions with identical concentrations of 1-naphthol were
prepared in 33% ethanol. 35 pl of a2 S mg/ml solution of tetrazotized o-dianisidine reagent
were added to 1.5 ml samples of each solution, mixed in a vortexer for 3 seconds and
immediately placed in a spectrophotometer to monitor absorbance at 528 nm over time for
60 min. 1.5, 3.8 and 4.6 uM solutions of 2-naphthol were prepared and treated similarly
in both DI water and 33% ethanol.

6.3.5 Extinction coefficients for 1- and 2-naphthol-azo dyes in 33%
ethanol. Samples from the 100 uM stock solution were also used to prepare ten dilutions
of 1-naphthol in 33% ethanol ranging in concentration from 2 to 40 uM. An analogous set
of dilutions was obtained from the 2-naphthol stock solution in the range of 1 to 7 uM.
Each solution was prepared in triplicate. 35 pl of a freshly made 5 mg/ml solution of ToD
were added to each of the previously prepared naphthol solutions. Each solution was
mixed in a vortexer and incubated in the dark at room temperature for about 10 min.

Absorbance was measured at 528 nm for each test tube.

6.3.6 Effect of ethanol concentration on As;g values from naphthol-
azo dyes. 10 puM and 3 uM solutions of 1- and 2-naphthol, respectively, were prepared
in triplicate in §, 10, 20, 30 and 50% ethanol solutions. As;3 was measured for each
sample as described previously after addition of the ToD reagent and incubation in the dark

for 10-15 min.

6.3.7 Stability of ToD reagent. In order to determine the useful lifetime of a

freshly-prepared ToD reagent solution, a series of calibration curves for 2-naphthol (As2g
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vs naphthol concentration) were prepared as described over a period of 8 days. The same 5
mg/ml solution of ToD reagent was used throughout. The ToD solution was kept in a glass

vial covered with aluminum foil at 4 °C.

6.3.8 Effect of ethanol addition on bacterial naphthol production.
The effectiveness of ethanol in stopping production of naphthol by M. trichosporium OB3b
was tested by measuring Asag of cell suspensions subjected to different incubation times
following ethanol addition. A series of 0.5 ml samples of bacterial solution (original Agpo
= (0.3) were mixed with 0.5 ml of an aqueous naphthalene-saturated solution, as described
in the enzyme-activity determination section. After an incubation period of about 30 min.
0.5 ml of absolute ethanol was added to all test solutions. 35 pl of a S mg/ml ToD solution
were added at intervals (0, 5, 10, 15, 20, 30 and 45 min) to the supernatant of the cell
suspension after centrifugation. All solutions were prepared in triplicate. Ajsjg was

measured after incubation in the dark for 10-15 min.

6.3.9 Effect of cell concentration on naphthol production:
monooxygenase activity from M. trichosporium OB3b and M. vaccae JOBS.
Three cell suspensions with different final optical densities (Agog = 0.15. 0.23 and 0.38)
were prepared by dilution from a single growing culture of M. trichosporium OB3b.
sMMO activity was measured by sacrificing samples at different time intervals as described
previously. Three different cell suspensions with Aggg = 0.16, 0.39 and 0.78 from a

single culture of M. vaccae JOBS were prepared and treated in an analogous manner.

It is important to note that the different bacterial optical densities used for this and
subsequent similar experiments were obtained by dilution of a single original cell
suspension instead of growing different bacterial cultures and harvesting at the appropriate

time to obtain the desired optical densities. This method of operation guarantees that all
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cells are in the same stage of growth (and consequently display the same sMMO activity)

and that the only variable in the experiment is cell concentration.

6.3.10 Optimum step for the addition of ethanol. A set of samples were
prepared from the same original growing culture of M. trichosporium OB3b that was used
for experiments described in the previous section. Identical Aggg values for the diluted
bacterial suspensions were employed. The experiment was designed to test whether
ethanol should be added to naphthalene-incubated bacterial solutions before (as described
the past section) or after cell removal. Samples were treated as described previously except
that in this case cell suspensions were filtered with a 0.22yum membrane (Acrodisk LC13
PDVF) at the end of the incubation period. 0.5-ml of ethanol was added to each solution
before the reaction with ToD was started. As;g values were measured after incubation in

the dark for 10-15 min.

6.4 RESULTS

Each point in figures throughout this chapter is the average of three independent
measurements representing the same test conditions unless otherwise noted. Error bars

represent the standard deviation from the average for those three independent values.

6.4.1 Stability of naphthol-azo dyes in water and 33% ethanol.
Reaction of naphthol with the ToD reagent leads to the formation of a naphthol-azo dye
purple in color. The formation reaction is faster with 1-naphthol than with 2-naphthol. but
in both cases the product is highly unstable in aqueous solution as can be seen in Figures

6.1a and 6.2a.
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When 1-naphthol-azo dye production in aqueous solution was monitored over time,
relatively-high initial Asag values were followed by a significant decrease in the monitored
absorbance to levels approximately half the absorbance detected in the first few seconds of
the reaction. The naphthol-azo dye complex shows a period of relative stability (indicated
by constant Asg) that ranged from zero to a few minutes depending on the concentration of
1-naphthol present. The length of the period of stability increased with the concentration of
1-naphthol. This period was followed by a gradual increase in absorbance that leveled off
at approximately the same value (Aszg = 0.23) for all concentrations of 1-naphthol used
(Figure 6.1a). A purple precipitate was observed in solution approximately ten minutes

after the addition of reagents. °

The reaction of 2-naphthol with the ToD reagent in water follows a pattern similar
to that of l-naphthol, except that initial the drop in absorbance is absent. Instead, the
gradual increase in absorbance present in the case of 1-naphthol was observed from the

beginning of the reaction. A purple precipitate was again formed.

The presence of 33% ethanol in solution increased dramatically the stability of the
1- and 2-naphthol-azo dyes as indicated by Figures 6.3a and 6.4a. The initial decrease in
Asag is still present but once absorbance stabilized after about 7 min, it remained constant

thereafter.

Each original naphthol concentration was correlated with the absorbance value
(As28) at different periods of time after the reaction was incubated, for both naphthols and
both solvent conditions tested (ethanol added and ethanol free). A linear relationship was
obtained only for cases in which 33% ethanol was used (Figure 6.3b and 6.4b). The three
lines corresponding to the different incubation periods (4.5 min, 9 min and 1S min after

reaction started) were arguably coincident. These findings are in contrast to results
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obtained when no ethanol was present in solution, for which the curve was not a straight

line for any but one case (Figures 6.1b and 6.2b).

6.4.2 Extinction coefficients for 1- and 2-naphthol-azo dyes in 33%
ethanol. Values of 16,800 M-! cm"! + 510 and 30,200 M-! cm-! + 620 were obtained for
the 1- and 2-naphthol-azo compounds extinction coefficients (¢) in 33% ethanol,
respectively. Both values were obtained as the slope of the calibration curves (As2g vs

naphthol concentration) shown in Figures 6.5 and 6.6.

6.4.3 Effect of ethanol concentration on As2g values for naphthol-
azo dyes. The magnitude of the absorbance of the naphthol-azo dye varies only slightly
with the ethanol concentration in the reaction mixture for the same concentration of
naphthol. Figure 6.7 show absorbance maxima for both 1- and 2-naphthol, although the
maxima do not occur at the same concentration for both naphthols. Maxima are located at
20% and 33% ethanol for 1 and 2-naphthol respectively. Overall, variation in absorbance
values was greater for the 2-naphthol-azo dye in the range of ethanol concentrations tested
(5 t0 50% v/v). On the other hand, absorbance was approximately constant, and the

presence of a maximum less clear for the case of 1-naphthol-azo dye.

* 6.4.4 Stability of ToD reagent. ToD reagent kept in a vial covered with
aluminum foil and refrigerated when not in use was stable for at least 4 days without
decomposing. Table 6.1 contains the extinction coefficient obtained for the 2-naphthol-azo
dye with data from the different calibration curves along with the correlation coefficient
from the least squares regression. It should be noted that regardless of the freshness of the
ToD reagent, visual inspection should reveal if the reagent solution had undergone
decomposition. If an opaque brownish color is observed in place of the original

transparent light-yellow color, the solution should be discarded. Decomposition could
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happen even if the solution has been recently prepared but has been left at room temperature

and exposed to light for a few hours (data not shown).

Table 6.1 Extinction coefficients for 2-naphthol-azo dye in 33% ethanol using ToD

reagent solutions of different longevity.

Days after £

o-DT preparation (M-! cm-1)
191

30220
29713
29072
25608

0o O H» N

R2
0.9

0.997
0.996
0.998
0.995

6.4.5 Effect of ethanol addition on bacterial naphthol production.

Figure 6.8 shows constant Asjg values for test solutions with identical bacterial

concentrations but with different incubation times elapsing between ethanol addition and

reaction with the ToD reagent. Results indicate that 33% ethanol addition immediately

stops naphthol production for the cell concentrations tested.

6.4.6 sMMO activity from M. trichosporium OB3b. Each line in Figure

6.9a represents a different cell concentration analyzed. All points in a line are identical with

respect to cell optical density but correspond to different incubation times of the cell

solution with naphthalene. As expected, for all cell concentrations used, As)g values are

proportional to the period of time the bacteria were in contact with naphthalene, prior to

ethanol addition.
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Figure 6.9b shows a linear relationship between sMMO activity and cell
concentration. Each sMMO-activity value in Figure 6.9b is proportional to the
corresponding slope of the lines shown in Figure 6.9a. The proportionality constant
between the slope of Aszg vs time and sMMO activity (nmoles of naphthol produced/min)
includes the azo dye extinction coefficient and appropriate dilution factors (due to the

additions of formate, aqueous naphthalene saturated solution and ethanol).

6.4.7 PMO activity from M. vaccae JOBS. Similar results were obtained
for PMO activity from M. vaccae JOBS as a function of the bacterial optical density as for
sMMO from M. trichosporium OB3b (Figures 6.10a and 6.10b). As»g values are
proportional to the incubation period with naphthalene and PMO activity is proportional to

cell density for both cases (M. trichosporium OB3b and M. vaccae JOBS).

Since no studies have been performed to determine the reaction products of the
PMO oxidation of naphthalene (whether it is 1- or 2-naphthol or a mixture of the two), it
was assumed, for the purposes of converting As2g to PMO activity, that only [-naphthol

was produced.

6.4.8 Optimum step for the addition of ethanol. Figure 6.11 shows no
correlation between As;g and time of incubation in naphthalene for the case when the
bacteria were removed from solution prior to the addition of ethanol. This result contrasts
sharply with those presented in Figure 6.9a. Bacterial aliquots used in experiments leading
to both figures came from the same original culture and were prepared with the same final
optical densities (Aggp). The only difference between both sets of experiments was the
order of the ethanol addition. Results shown in Figure 6.9a involved addition of ethanol
before cell removal and indicate a linear relationship between As;g and length of incubation

with naphthalene.
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It is evident that ethanol should be added to the reaction mixture before bacteria are

removed in order to obtain meaningful results from the assay.

6.5 DISCUSSION
6.5.1 Stability of naphthol-azo dye

The most important feature of the improved quantitative analysis for sMMO and
PMO described in this work is the stabilization of the naphthol-azo dye so that
corresponding As2g values can be measured reproducibly. The instability of the naphthol-
azo dye in water results in the formation of an insoluble precipitate in the test solution. This
precipitate, in turn, absorbs light in the visible range and interferes with absorbance
monitoring at 528 nm. Removal of the precipitate via centrifugation leaves the solution
clear, with no absorbance at 528 nm (other than background levels due to excess ToD
reagent). The preceding observations indicate that measuring naphthol concentration via
the current colorimetric method (Brusseau et al., 1990) may prove difficult and inaccurate
when quantitative results are desired. A small difference in time, following reagent
addition as little as 2 or 3 seconds, produces a different value for As3g. As it now stands,
the present method of detecting SMMO activity by following oxidation of naphthalene to

naphthol is best used for qualitative purposes.

The absence of an initial drop in absorbance at 528 nm shown in Figure 6.2a can be
explained by the slow reaction kinetics of 2-naphthol with ToD. This fact was originally
reported by Wackett et al. (1982) as the reason preventing the authors from measuring an

extinction coefficient for the 2-naphthol-azo dye. The colored dye started formation of a
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precipitate in solution before all the naphthol had time to react, impeding the measurement

of accurate values for the azo-dye absorbance (As2g).

The stabilization of naphthol-azo dyes by the addition of ethanol to the reaction
mixture has been used in this work to develop a more accurate quantitative assay for sMMO
activity. Ethanol also increases reaction kinetics for 2-naphthol as evidenced by the shape
of the Aszg-vs-time curve in Figure 6.4a. An initial drop in absorbance indicates that ail of
the 2-naphthol present in solution has reacted to produce 2-naphthol-azo dye. The reaction
occurs quantitatively in the first few moments after the addition of the ToD reagent.
Absorbance decreases temporarily until it reaches a constant value after approximately 5-7
minutes . This behavior is identical to that of 1-naphthol in all respects and emphasizes the

beneficial effect of ethanol in speeding reaction time for 2-naphthol.

A linear relationship between As28 vs naphthol concentration in 33% ethanol
(Figures 6.3b and 6.4b ) coupled with the fact that for all time intervals tested the slope of
the line was the same, provides the first indication that the final Asog value (when
absorbance is constant) is proportional to naphthol concentration and, ultimately, that the

proposed method can be used quantitatively.
6.5.2 Stability of 1- and 2-naphthols

1- and 2-naphthol are reported to be light sensitive although their decomposition in
aqueous solution occurs in a time scale of days, much longer than the working scale for the
experiments described here. By extrapolation, it can be assumed that the naphthol-azo dyes
are also light sensitive. However, comparison of the stability of these compounds in
ethanol solutions that had been exposed to light, seems to indicate that their decomposition
due to this type of interaction occurs, again, in a time scale that is irrelevant to the purposes

of this quantitative assay. Nonetheless, until carefully-designed experiments prove that
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exposure to light does not have adverse effects on results, it is recommended that

incubation of test solutions after addition of the ToD reagent be carried out in the dark.
6.5.3 Naphthol-azo dye extinction coefficients

The € = 38,000 M—!cm~! value reported by Wacket and Gibson (1983) was
measured using As3g values that would correspond to the first part of the graph shown in
Figure 6.1a. Absorbance was measured immediately after addition of the ToD reagent to
avoid dealing with problems associated with the instability of the azo-dye. This practice.
however, risked running into several problems already outlined, the principal being that
results could be operator dependent. A clear advantage of the protocol proposed in this
work over the method currently in use is that measurement of As3g values is performed
when the absorbance is constant in time. The presence of ethanol in the reaction mixture
also increases the values of the 1- and 2-azo dye extinction coefficients with respect to the
values in an aqueous solution without ethanol. This can be seen by comparing initial Asg
values from Figures 6.1a and 6.3a and from Figures 6.2a and 6.4a for the same original
naphthol concentration. Absorbance values are higher for all the cases in which the
solution had 33% ethanol. The addition of ethanol to the reaction mixture also made
possible the determination of the 2-naphthol azo-dye extinction coefficient, which had not
been measured before in aqueous solution because of slow reaction kinetics with the ToD

reagent.

Since € for the azo dye from 2-naphthol can be measured, it no longer must be
assumed that all naphthol produced from naphthalene by sMMO catalysis was 1-naphthol.
This assumption had been used by reasearchers who had used the naphthalene colorimetric
method for quantitative purposes (Bowman et al., 1993; Henryson and McCarthy, 1993;
Bowman and Sayler, 1994). Investigators had used the value for the 1-naphthol azo-dye
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extinction coefficient when calculating the amount of naphthol in solution from As2g

values. In reality, sMMO catalyzes the conversion of naphthalene into both 1- and 2-
naphthol (Brusseau et al., 1990).

If it is assumed that the ratio of 1-naphthol/2-naphthol produced from naphthalene
is always constant and known, then a prorated extinction coefficient for the mixture can be

calculated from individual € values for 1- and 2-naphthol-azo dyes as follows:

Emix=E1* X1 +E3° Xy

where: €mix extinction coefficient for the mixture

€] extinction coefficient for 1-naphthol-azo dye

€ extinction coefficient for 2-naphthol-azo dye

X} fraction of 1-naphthol-azo dye in mixture (molar fraction of 1-

naphthol in original solution)

X2 fraction of 2-naphthol-azo dye in mixture (molar fraction of 2-

naphthol in original solution)

Since the € value for the 2-naphthol-azo dye is approximately twice as large than the
corresponding value for the 1-naphthol-azo dye, then even a small X; would have a
significant impact on the extinction coefficient of the mixture. Unfortunately, even though
it is known that naphthalene oxidation by sMMO produces both 1- and 2- naphthols

(Brusseau et al., 1990), the actual proportions in solution have not been reported. sMMO
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activity in this work has been calculated using only the € value for the 1-naphthol-azo dye

for that reason.

There is no general reason to suspect that the ratio of l-naphthol/2-naphthol
concentrations is not constant under all growth conditions that induce expression of sSMMO
in M. trichosporium OB3b. Whether it is 1-naphthol or 2-naphthol that are produced from
naphthalene or what fraction of each one is produced given a certain concentration of
sMMO should depend only on the specific characteristics of the biochemical reaction
catalyzed by sMMO and not on environmental parameters external to the bacteria. While
the amount of sMMO produced by each cell, and therefore sMMO activity, is expected to
vary with growth conditions and specific stage of growth of the bacteria, the actual ratio of

1-naphthol/2-naphthol concentrations should remain constant.

Under the above assumptions, the use of an €pjx value to convert Aszg to naphthol

concentration and sSMMO activity seems reasonable.

6.5.4 Advantages and disadvantages of the proposed assay

The role of ethanol in stabilizing the naphthol-azo dye seems to be related to its
ability to solubilize this molecule better than a mere aqueous solution. Increased solubility
of reagents may also be a significant factor in speeding the reaction between both naphthols
and ToD. Both 1- and 2-naphthol are only slightly soluble in water (reported as insoluble
in the CRC Handbook of Chemistry and Physics, 1977) but very soluble in ethanol.
Consequently, their solubility in aqueous solution increases dramatically in the presence of
as little as 5% ethanol (Figure 6.7). No solubility data were found for any of the naphthol-

azo compounds, but it can be concluded by direct observation that their solubility in water
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is limited. No precipitate, however, is observed when ethanol is added to the solution.
Increased solubility for both naphthol and naphthol-azo compounds were obtained with
other solvents like ethyl acetate and chloroform. These solvents, however, form a second
phase when mixed with aqueous solutions and this factor limits their applicability to the
assay for practical reasons. Nevertheless, formation of two phases can be exploited when
SMMO activity needs to be determined in very dilute bacterial suspensions. Naphthol
partitions into the organic phase and can be concentrated by varying the ratio of phase

volumes (aqueous/organic).

Ethanol effectively stopped the bacterial production of naphthol at the cell
concentrations used in the experiments (Figure 6.8). This result represents an additional
advantageover the conventional method since it allows manipulation of several samples
almost simultaneously without the need of an immediate spectrophotometric analysis for
each. Ethanol can be added to several bacterial samples at once, effectively signaling the
end of the incubation period with naphthalene, while measurement of their Aszg can be
postponed until a complete set of samples has been collected. Intuitively, there should be a
limit to the optical density (Aggg) of the bacterial solution tested after which 33% ethanol no
longer stops naphthol production effectively. This limit should also be species-dependent
as different bacteria react differently to ethanol. The maximum optical density used in
experiments described in this chapter was Agog = 0.4 and Aggo = 0.8 for M. trichosporium
OB3b and M. vaccae JOBS, respectively. However, experiments reported in the previous
chapter with M. trichosporium OB3b indicate that ethanol can be effective up to optical
densities of Aggo = 1. The fact that a straight line was obtained when plotting As)g vs time
for those optical densities was assumned to reflect the effectiveness of ethanol in quenching
naphthol production. As28 was not immediately measured in those samples after ethanol

addition and unless naphthol production had stopped, the relationship between As7g and
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time would not be linear. The above values of optical density already represent an
improvement of al least a S fold increase in the Aggg value that can be used before dilution

is necessary over the conventional sSMMO assay.

A final test of the applicability of the proposed quantitative enzymatic analysis was
passed successfully when sSMMO and PMO activities measured by this method were
proven to be proportional to cell concentration (Figures 6.9b and 6.10b). This result
indicates that the proposed protocol can quantify differences in sMMO and PMO activities

effectively.

Comparison of results shown in Figures 6.9a and 6.11, which were obtained under
identical conditions except for the addition of ethanol before or after cell removal, indicate
that reasonable results are only achieved when ethanol is added to the test solution before
bacterial removal. This finding suggests that ethanol may bring into solution naphthol

molecules that are attached to the cell surface in an ethanol-free aqueous environment.

An implicit disadvantage to the use of ethanol in the proposed method is that
naphthol concentration is diluted in the process. Additionally, having an incubation period
after addition of the ToD reagent, waiting for As,g values to be constant, has a net result of

lowers the & for the naphthol-azo dye compared to the current practice of measuring

absorbance immediately.

The proposed method may be able to quantify naphthalene oxidation from a series
of monooxygenases and/or dioxygenases other than sMMO and PMO that are capable of
TCE and/or aromatic hydrocarbon oxidation. The following examples can be considered:
propane monooxygenase from M. rhodochrous W-21, W24 or W-25 (Wacket et al.,
1989); toluene 2-monooxygenase from Pseudomonas cepacia G4 (Nelson et al. 1986;

Newman and Wacket, 1995 and Mars et al., 1996); ammonia monooxygenase from
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Figure 6.9a Naphthol production by M. trichosporium QOB3b as a function of time.

As»g as a function of time for different cell concentrations: o, Aggg = 0.15; @, Aggo = 0.23
and A, Aggo = 0.38. Ethanol was added before cells were removed by centrifugation.



188

250

g

p—
W
o

3

y =574.2x
1=0.9836

SMMO activity (pmol naphthol/min)

LA
o

000 005 010 015 020 025 030 035 040

Cell concentration (A4

Figure 6.9b sMMO activity from M. trichosporium OB3b as a function of cell

concentration. Symbols (@) represent sSMMO activity based on the slope of the
corresponding line in Figure 6.9a after application of appropriate dilution factors due to
formate, naphthalene and ethanol additions.
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Figure 6.10a Naphthol production by M. vaccae as a function of time. Aszg as a
function of time for different cell concentrations: 0, Aggg = 0.16: 3, Aggo = 0.39 and A,
Agoo = 0.78. Ethanol was added before cells were removed by centrifugation.
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Figure 6.10b PMO activity from M. vaccae as a function of cell concentration. Symbols

(®) represent PMO activity based on the slope of the corresponding line in Figure 6.11a
after application of appropriate dilution factors.
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CHAPTER 7

SUMMARY AND CONCLUSIONS

7.1 Summary

7.1.1 Metal affinity partitioning

The mathematical model for affinity partitioning of metal ions presented here,
although preliminary, has been used to satisfactorily describe the partition behavior of the
metal ions Cu(II), Ni(II) and Co(II), and association constants between affinity ligands and
metals. The model shows the relevance of pH and dissociation constants as determinants of
of metal partitioning in aqueous biphasic systems and should pave the road for future

discussions on the subject.

The findings from this modeling approach can be applied directly to the recovery of
metal ions from aqueous solutions that use affinity or pseudo affinity ligands, like modified
polymers, dyes, etc. These findings might also be of interest in the understanding of
immobilized metal affinity partitioning of biomolecules. Previous reports considered only
the interactions between the proteins and complexed metal ion, but they have not
considered those between the metal ion and the affinity ligand, neglecting the effect of pH
on the stability of the complex.

The area of metal partitioning with biphasic systems is experiencing increased
interest even though until now only a few applications have been reported. In order to
expand in this area extensive research is needed, including characterization and

development of new systems, new extractants, and studies of basic solution chemistry and
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mathematical modeling. Currently there are a large number of variables whose influence on
system performance has been ignored. At this point it seems as if metal ion partitioning is
following the footsteps of protein partitioning, not only in terms of experimental
procedures but also in terms of theoretical developments. In analogy to the use of specific
ligands attached to PEG molecules in protein affinity partitioning, chelating modified
polymers ligands have been used to enhance the partitioning of metal ions such as Cu(Il),
Ni(II) and Co(Il) in aqueous biphasic systems. The use of affinity ligand-polymers is quite
promising and at this point one can only hypothesize, based on the theory of partitioning,
on possible improvements that can be made to increase the efficiency of this extraction
process. For instance, the higher the molecular weight of the modified PEG molecule and
the lower the molecular weight of the phase forming polymer, the higher the partition
coefficient of the ligand would be. New modified polymers can be synthesized with
. different functional groups at each end, adding flexibility to their use. Additional research is
needed to determine binding constants between modified chelators and specific metals, as
well as knowledge on the influence of several other variables, such as pH, ionic strength,
specificity of the ligands towards given metal ions, and the evaluation of competitive

extraction when several transition metal ions are present in solution.

Each of the metal extraction techniques currently in use has advantages and
disadvantages. However, they have been employed under different conditions so that a
direct comparison may be inappropriate. Dyes have been used with actinides and
lanthanides, crown ethers have been used additionally with Group I and II cations and
modified PEG ligands with transition metal ions. Aside from the relative efficiency of each
process, perhaps the most significant difference of importance regarding scaling up of the

process is the expense and potential toxicity of dyes. In addition, they are not specific and
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would extract most of the metal ions present in solution, while crown ethers and modified

PEG could be tailored to be more specific if desired.

7.1.2 Nature and physiological role of copper-binding biochelator

An extracellular copper-binding ligand with high affinity for copper has been
identified and characterized from wild-type cultures of M. trichosporium OB3b and from

mutants that express sMMO in the presence and absence of copper.

Findings support hypotheses relative to the origin of the sMMOC phenotype that
were proposed by Fitch et al. (1993), i.e., that the mutant phenotype resulted from a defect
in the mechanism of copper acquisition by M. trichosporium OB3b. Unlike wild-type
cells, PP358 was Cu-starved in the presence or absence of an external source of copper. It
is evident that the mutant phenotype arises from the cells’ inability to take up complexed

copper, perhaps due to the absence of or a defect in a membrane-bound receptor protein,

It is also possible, however, that the cell’s inability to acquire copper is a part of a
more general defect in OB3b’s MMO selection mechanism, as opposed to the source of the

sMMOF¢ phenotype.

The ligand produced by the PP358 strain can be used by the wild type culture to
acquire copper. Furthermore, copper complexed with CBL produced by wild-type M.
trichosporium OB3b is unavailable to strain PP358. These combined results show that the

sMMOF* phenotype in PP358 is not related to a defect in the CBL.

Although the effectiveness of CBL for copper detoxification has not been tested, the

strength of copper complexation by the isolated ligand suggests that copper acquisition is
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its primary function. A weaker ligand might suffice for metal detoxification. Moffett and
Brand (1996) reported that the binding constant for complexes involving Cu and a
biochelator produced by a marine bacterium in response to copper stress lies between 1012
and 1013 M-1. The binding constant for the Cu-CBL complex is gréater by 3-4 orders of

magnitude.

The proposed role of the copper biochelator in the Cu-uptake mechanism of M.
trichosporium OB3b can be explained with the aid of Figure 8.1. In wild-type cultures
grown with 5 uM Cu(II), CBL is maintained at a low, steady level during exponential
growth, after which the external concentration drops below detectable levels. When Cu(II)
is omitted, CBL accumulates during cell growth at a rate that is proportional to cell density.
It is proposed that the extracellular copper-binding ligand is produced throughout the period
of cell growth, in the presence and absence of Cu(Il), but is reinternalized only when

bound to copper.

On the other hand, the mutant PP358 is unable to reacquire the biochelator in the
presence or absence of copper. Consequently, extracellular CBL accumulates in the growth

medium regardless of copper concentration.

As mentioned already in Chapter 1, a complete physiological picture of copper
acquisition by M. trichosporium OB3b may promote bioremediation efforts that are now

inhibited by copper-mediated pMMO selection.
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Figure 8.1 Proposed role of the CBL in the copper-uptake mechanism of the
methanotroph M. trichosporium OB3b
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7.1.3 Quantitative colorimetric sSMMO assay

Stabilization of naphthol-azo dyes, product of the reaction between 1- and 2-
naphthols and tetrazotized o-dianisidine has been achieved successfully as an improvement
of a colorimetric assay for the quantification of monooxygenase activity. Inclusion of
ethanol in the protocol before removal of bacteria offers several unique advantages. The
presence of ethanol stops naphthol production when desired; keeps naphthol molecules in
solution and available for the reaction and stabilizes the naphthol-azo dye formed. The
addition of ethanol to the reaction mixture also made possible the determination of the 2-
naphthol azo-dye extinction coefficient, previously unreported in the literature. It has been
shown that the proposed methodology provides a reliable way of measuring

monooxygenase activity quantitatively.

The method has been successfully applied to the detection and quantification of

sMMO and PMO from M. trichosporium OB3b and M. vaccae JOBS respectively.
7.2 Specific conclusions

The following are specific conclusions that can be obtained from the research
projects presented in this work.

. Metal ion partition coefficient (Kmetat) for an affinity partitioning aqueous two phase
system is a function of the formation constant between the affinity ligand and the
metal ion.

. The metal ion partition coefficient also depends on value of the partition coefficient of
the affinity ligand (maximum possible value for Kmetal is Kaffinity ligand)-

. pH greatly influences Kpyeral-

. The maximum value for Kmeral is obtained at the pH of total dissociation of the

affinity ligand.
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. M. trichosporium OB3b cultures (wild-type and PP358) produce an extracellular
copper-binding ligand (CBL).

. Biochelator production is independent of external copper concentration in mutant
PP358 cultures.

. The wild-type cell is able to reintemalize the CBL when copper is present.

. PP358 does not reacquire the CBL under any circumstances.

. Mutation in PP358 is unrelated to defects in the CBL

. Results suggest that the production of the biochelator is part of the copper acquisition
system in M. trichosporium OB3b rather than a part of a defense mechanism

. The copper biochelator is a hydrophobic molecule with a molecular weight of about
500 Da.

. Biochelator displays a relatively high affinity and selectivity for copper (K¢, _cgL =
1.4 x1016)

. Proposed colorimetric SMMO assay has eliminated problems associated with having
bacteria present when measuring absorbance @ 528 nm.

. Use of ethanol stabilized naphthol-azo dyes and effectively stops bacterial naphthol
production.

. Extinction coefficient of naphthol-azo dye is greater in the presence of ethanol than in
water.

. Proposed method is quantitative and allows for a reliable, reproducible measurement

of sMMO activity.
7.3 Future work

The work presented here, while significant on its own, is definitely not the final
destination in this type of research. A few suggestions regarding possible future

experiments follow.
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Apply the metal affinity partitioning model to different metal ions and other ligands.
Compare model predictions for different pH values with experimental data.

Extend the model for mixtures of metal ions in solution and perform experiments
regarding selectivity of the affinity ligand under these conditions.

Grow M. trichosporium OB3b with strong copper chelators in the culture media and
monitor sSMMO activity and the production of the biochelator.

Look for copper-binding ligand in other sMMO-constitutive mutants (PP311, PP319,
PP323 and PP333). If found, compare conditions under which it is produced with
those for PP358.

Find possible Cu-receptor on surface of bacteria. If found, compare results for both
M. trichosporium OB3b wild-type and the PP358 mutant. Extend for other mutants.
Measure the proportion of 1- and 2-naphthol produced by sMMO. Repeat for PMO
Perform the above experiment under different growth conditions and at different
optical densities in order to prove that the ratio is constant.

Apply the colorimetric sSMMO assay to the detection and quantification of other mono

and dioxygenase systems mentioned in Chapter 6.
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