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Abstract

Activation reactions involve modification of recalcitrant substrates to forms that are more readily degradable.
These reactions require specialized enzymes and cosubstrates, including molecular oxygen and reduced electron
carriers. In these reactions, microorganisms invest electrons and cannot capture energy or carbon for synthesis.
The subsequent degradation of the intermediates formed in activation reactions releases electrons, energy, and
carbon that the organisms use for growth. The overall yield is reduced due to the required activation investments.
A mathematical method to predict cell yields of oxygenase activation reactions is developed using electron and
energy balances. Predicted yields are compared with experimental yields for methane, organic chelating agents,

and aromatic hydrocarbons.

Introduction

Recalcitrant organic compounds often contain struc-
tural components that challenge microbial enzyme
systems. Polycyclic aromatic hydrocarbons (PAHs),
nitroaromatics (e.g., TNT), halogenated compounds
(e.g., PCBs), and strong organic chelating agents (e.g.,
EDTA) contain complex structures that require ded-
icated enzyme systems for bacterial degradation. In
many cases these specialized enzymes catalyze reac-
tions that the organisms use to ‘activate’ the organic
substrate for subsequent oxidation. One major type
of activation reaction is the reduction of molecular
oxygen for insertion into the substrate compound.
Unlike reduction of molecular oxygen as an elec-
tron acceptor for energy generation via respiration,
oxygenase-catalyzed reactions reduce oxygen without
capturing energy. The electrons needed for this reduc-
tion may come from the oxidation of the substrate,
downstream intermediates, co-metabolic substrates, or
biomass. Like the energy associated with the reduc-
tion, these electrons are also lost; they are no longer
available for energy generation or cell synthesis re-
actions. The investment of reducing equivalents in

activating the organic compound and the spilling of
the energy associated with the reduction of molecular
oxygen profoundly change the stoichiometric relation-
ships, reducing the overall yield of organisms in the
system.

In this work, I present a modification to the ther-
modynamic yield prediction methodology developed
by McCarty (e.g., McCarty 1975; Rittmann & Mc-
Carty 2001) that allows prediction of overall yields for
biological degradation pathways involving oxygenase-
catalyzed steps. The modification is easy to imple-
ment, does not require detailed understanding of the
degradation pathway, and results in significant im-
provement to predicted yield values. Analyses of the-
oretical predictions and experimental yield values for
several compounds requiring oxygenase reactions for
their transformation (organic chelating agents and aro-
matic hydrocarbons) are presented as demonstration of
the method.
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Cell yield and its prediction

Cell yield (Y) is a fundamental biological parameter
that allows prediction of the full stoichiometry of
biological growth/substrate utilization reactions and
thus is necessary for modeling coupled biological
and chemical reactions. The yield is combined with
mass balances using either the method of regularities
(Minkevich & Eroshin 1973; Erickson et al. 1978a,b;
Erickson 1979; Minkevich 1985) or the method of
half reactions (McCarty 1965, 1969, 1971, 1972a,b,
1975; Heijnen et al. 1992; Heijnen & vanDijken 1992;
Tijhuis et al. 1993; Heijnen 1994; VanBriesen &
Rittmann 2000) to predict the overall stoichiometry of
the biological reactions.

Often the net yield for the oxidation of an or-
ganic electron-donor substrate can be measured ex-
perimentally. However, for compounds that particip-
ate in competitive abiotic reactions (e.g., sorption or
volatilization), or complex multi-step reactions, ex-
perimental yields are difficult to determine. Yields
for multi-organism, multi-substrate systems may also
need to be estimated without extensive experimental
work (Heijnen & vanDijken 1992). In these cases, a
systematic method for predicting yields in biological
degradation reactions is required.

Several methods have shown promise and continue
to be used to provide the best ‘estimate’ of this crucial
parameter. Roels (1983, 1987) introduced the concept
of thermodynamic efficiency and the related concept
of Gibbs Energy Dissipation for the overall growth and
substrate utilization reaction. He suggests a rule-of-
thumb value of thermodynamic efficiency of 0.60 will
produce a useful first estimate of the expected growth
yield. Heijnen & vanDijken (1992) provide an expan-
sion of this concept based on a correlation between the
Gibbs Energy dissipation and the number of carbon
atoms and the degreee of reductance of the electron
donor substrate. This method provides a first estimate
of the yield more specifically related to the structure
of the substrate. However, the correlation developed is
based on a limited set of pure culture laboratory ex-
periments of growth on simple carbon compounds. As
such, its utility for more complex, anthropogenic com-
pounds whose structures require specialized enzyme
systems for initiation of mineralization reactions, is
unclear.

In the late 1960’s a thermodynamic yield predic-
tion methodology was introduced in the environmental
engineering literature by McCarty (1965, 1969, 1971,
1972a,b, 1975). This methodology is fundament-

ally equivalent to the method of Heijnen (VanBriesen
2001), although, like Roels (1983, 1987), McCarty
suggests use of an efficiency term and provides a rule
of thumb value for different types of organisms. This
methodology has been employed extensively in the en-
vironmental biotechnology field (e.g., Noguera et al.
1988; Corseuil & Weber 1994; Alvarez et al. 1994;
Hooker et al. 1994; Edwards & Grbic-Galic 1994;
Beller et al. 1996; Zitomer 1998; Hayes et al. 1998;
Burland & Edwards 1999; Arcangeli & Arvin 1999;
Woo & Rittmann 2000) and is presented most recently
by Rittmann & McCarty (2001). The major limita-
tion to this method is that it is generally applied by
assuming simple degradation pathways to complete
mineralization. In natural systems, with anthropogenic
compounds this assumption comes into question. Re-
cently, VanBriesen & Rittmann (2000) modified the
McCarty yield prediction method to allow predic-
tions in systems where complex intermediates form
and are then utilized during the microbial degrada-
tion process. Subsequently, Woo & Rittmann (2000)
built on this methodology to evaluate degradation
of phenanthrene, a polycyclic aromatic hydrocarbon
that is degraded through a pathway involving mul-
tiple oxygenase-catalyzed reactions. In this work, I
further expand the thermodynamic prediction meth-
odology introduced by McCarty (1965, 1969, 1971,
1972a,b, 1975) to develop a generalized method to
predict yields for complex organic compounds that are
degraded via oxygenation reactions.

The McCarty method of yield prediction is based
on the assumption that electron and energy balances
control the behavior of biological systems (i.e., cata-
bolism and anabolism are coupled). For cell growth
to occur, an electron-donor substrate is oxidized and
electrons are shuttled to the electron acceptor to re-
lease Gibbs free energy or to the carbon and nitrogen
sources to reduce these elements to the oxidation state
necessary for incorporation into cells. Mathematically,
the energy and electron balances are represented as:

— 1A% AG% = fOAGY! (1)

e-syn

L+ =1 2

in which A Gg }13 is the standard free energy of the redox
reaction between electron donor and electron acceptor,
AGS_ISW is the standard free energy of the cell syn-
thesis reaction, « is the efficiency of energy capture in
the energy-generation reaction (generally assumed to

be 0.6 (Rittmann & McCarty 2001)), f0 is the frac-



tion of electron-donor electron equivalents sent to the
acceptor to drive the energy generating redox reaction
and f? is the fraction of electron-donor electron equi-
valents invested in biomass via the synthesis reaction.
All Gibbs energies are in the standard state of T = 25
°C, P =1 atm, 1 M reactants and products (thus the
specification of the superscript 0), except [H*] = 107
(thus the specification of the superscript 1). All Gibbs
energies are in units of kJ/e-eq and the subscript e is
introduced here to specify these units in terms of elec-
tron equivalents. The original McCarty method was
also presented in terms of units of electron equival-
ents but did not employ a specific notation for these
units. The introduction of this more specific notation is
needed to distinguish the energy associated with a half
reaction written per electron equivalent with the en-
ergy associated with a half reaction written per mole of
substrate and also to introduce notational consistency
with other yield prediction methods (e.g., Heijnen &
vanDijken 1992). AGS}a is computed as the difference
between the free energy of the donor and acceptor
half reactions when both reactions are written as re-
ductions (AG%, — GY1). AGS_lwn is estimated from
experimental data (discussed below).

Equation (1) says that the energy made available
from transfer of electrons from the donor to the ac-
ceptor (— fEOKAGS}Q) is invested to synthesize f0
electron equivalents of biomass ( fSOAGg_lsyn). Equa-
tion (2) says that the number of electrons sent to
synthesis and energy generation cannot exceed the
number of electrons available from the electron-donor
substrate. Coupling these two equations numerically
allows solution for the unknown £ and 0. The yield
is then predicted from:

Ve
where y. is the degree of reductance of the cells and
ys is the degree of reductance of the substrate.

Once the fs0 is known, the overall stoichiometry
can also be generated using the half reactions for the
electron donor (Rp), the electron acceptor (R4) and
cell synthesis (Rc), following Rittmann & McCarty
(2001):

moles cell carbon oVs
moles substrate carbon

Overall Reaction = —Rp + fORs 4+ fPRc (4
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Biological investment reactions using oxygenase
enzymes

Many organic compounds resemble natural metabol-
ites and are degraded by standard metabolic enzymes.
However, anthropogenic compounds can have struc-
tural moities that preclude degradation without key
initiation reactions. These ‘activation’ reactions alter
the structure and thus reactivity of compounds to-
wards standard enzyme systems. Organisms perform
activation reactions by either reducing molecular oxy-
gen and inserting it into the compound using mono-
or di-oxygenase enzymes or reducing the compound
via electrons supplied by intracellular carriers (i.e.,
NADHJ). In this work, I consider activation by
oxygenase enzymes.

Oxygenase-catalyzed reactions involve the addi-
tion of oxygen atoms (from molecular oxygen) into
an organic structure. Reducing the oxygen to its
—2 oxidation state requires an investment of elec-
trons, which come from oxidation within the structure
of the compound or from reduced electron carriers.
When electron carriers supply the reducing equival-
ents, these may be recouped in later oxidative de-
gradation of the substrate, its intermediates, or other
electron donors (through cometabolism). Here I do
not consider cometabolism so the required activation
electrons are derived from the main pathway after the
oxygenase reactions.

In the original McCarty method, available elec-
trons from the electron donor are assumed to be cap-
tured for transfer to either the electron acceptor or
for cell synthesis; however, in the case of oxygenase
reactions, this assumption is invalid. Some electrons
are utilized for the reduction of molecular oxygen ne-
cessary to insert it into the substrate. In addition to
requiring electrons, the reduction of oxygen releases
Gibbs energy. The reduction of oxygen to water is
very energetically favorable (AGS_IM = —78.14 kl/eeq
or AGY = —625.12 kJ/mole 0O,), and oxygen is re-
duced as it is inserted into the substrate molecules.
In the standard thermodynamic method, this energy is
implicitly assumed to be available to the organisms,
since the method deals only with the Gibbs energy of
formation of reactants and products, and oxygen is a
reactant while water is a product. Despite the highly
exergonic nature of the reaction, this Gibbs energy
is not conserved by the formation of ATP (Mason
and Cammack 1992) and instead is dissipated by the
organism as enthalpy.
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Also, since the Gibbs energy release is not coupled
to positive electron transfer, and the cells require elec-
trons for synthesis reactions, the energy released is
unavailable for synthesis until subsequent steps make
electrons available. Similarly, oxygenase catalyzed re-
actions often involve rearrangement of the structure
of the primary substrate to accommodate the oxy-
gen, making it more easily degraded in subsequent
steps, but often do not involve release of carbon. If
the primary electron-donor substrate is also the cells’
carbon-source substrate (as if often the case with de-
gradation of anthropogenic compounds by specialized
bacteria), synthesis with the energy released due to
the oxygen insertion would again not be possible until
subsequent steps release carbon. One possible solu-
tion to this problem would be for cells to utilize
a substrate-level phosphorylation, where Gibbs en-
ergy from a reaction is coupled directly (not through
NADH) to production of ATP. However, there is no
evidence to suggest that substrate-level phosphoryla-
tion is coupled to oxygenase-catalyzed reactions. In
the methane monooxygenation system, methane and
methanol are utilized by bacteria with nearly the same
yield indicating that the energy associated with the in-
sertion of oxygen into the compound is not available
to the organisms (Linton & Stephenson 1978; Wolf
& Higgins 1979; Heijnen & Roels 1981; Brock &
Madigan 1991). For that reason, I suggest the Gibbs
energy change associated with the reduction of oxy-
gen to water in the system must be removed from
the released energy calculated for the energy balance
(Equation (1)). When the Gibbs energy of the electron
donor half reaction is calculated, it must be reduced
by the energy change that came from the reduction of
oxygen since this energy is unavailable to the cells.
Likewise, the electrons used to reduce molecular oxy-
gen are not available and an adjustment to the electron
balance (Equation (2)) is also necessary. Once these
adjustments are made, f° can again be estimated and
the yield predicted using Equation (3).

Thus, modeling systems involving the utiliza-
tion of oxygenase enzymes requires key changes to
the structure of the original McCarty thermodynamic
method.

Energy balance modifications

When the electron-donor substrate is mineralized us-
ing an oxygenase enzyme activation, the half reac-
tion for the donor must explicitly include the oxygen
cosubstrate. However, the Gibbs free energy asso-

ciated with this electron donor half reaction will be
reduced by the energy directly related to the reduction
of the oxygen:

(AGH)™ =

where (AG%I)"X is the Gibbs energy of the elec-
tron donor half-reaction, modified for consideration of
the energy “invested” in the oxygenase reaction (note
units are kJ/mole substrate), AGY!  is the Gibbs
energy of the oxygen reduciton reaction (—78.14
kJ/electron equivalent), and N is the number of elec-
trons used to reduce oxygen for activation. For one
oxygenase reaction, No = 4. This newly calcu-
lated Gibbs energy for the electron donor reaction,
(AG%I)(”‘ in kJ/mole of substrate is divided by the
number of electrons transferred in the half reaction
that includes molecular oxygen as a cosubstrate (de-
noted N7 here) to return the units to kJ/electron
equivalent transferred in the reaction.

AGY + AGY xNo )

e-0x

AGOI ox
(gL~ = L2901 N’;)
The calculation of the Gibbs energy associated with
the electron donor/acceptor couple then continues nor-
mally AG%, = (AGY, — (G%1)).

Alternatively, the calculations in (5) and (6) can be
directly incorporated into the overall energy balance
(Equation (1)), leading to

AGY N
— 1ok (AGSA - 2~ (AG! )”X—O)
T

e-0ox NT
= f9AGY (7)

e-syn

(6)

where AG%1 is the molar Gibbs free energy of the
electron-donor reduction half-reaction that includes
the molecular oxygen cosubstrate.

Electron balance modifications

The electron balance (Equation (2) above) is modified
to consider the diversion of electron equivalents away
from synthesis and energy generation:

SO+ T+ fox =1 ®)

where f,, is the fraction of electron-donor electron
equivalents shunted to activation and not available
for synthesis or energy generation. f,x = No/EQs
where E Qs is the total number of electron equival-
ents available in the electron-donor substrate. Figure
1 shows a schematic of electron and energy flow in
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Figure 1. Representation of electron and energy flow in bacterial
systems using oxygenase enzymes.
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| substrate activation
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bacterial growth using oxygenase activation reactions.
Three pathways for electron transfer are shown, to
cell synthesis, to energy generation and to activation
reactions.

Carbon source modifications

The original presentation by McCarty (1965, 1969,
1971, 1972a,b, 1975) suggested AGYL ~should be
computed based on a simplified two step synthesis in-
volving conversion of the carbon-source substrate to
a common intermediate (pyruvate) and conversion of

this intermediate to cells.

AGOI _ AGOI

01 epyr CS
AGe -syn — Km < + AGe cells (9)

The estimate of the Gibbs energy associated with
building cells from the intermediate (AGe w”é) was
based on the degree of reductance of the cells (y;)
and the carbon fraction of the cells (o.), generally
believed to be relatively constant for microorgan-
isms. Several constants are also used (namely, Y7 p,
AGATP hydrolysis) that are now known to be variable.
Average values are used for these ‘constants’, and
the predicted Gibbs energy for synthesis of biomass
(AGSlce”Y for the assumed formulae of CH,Og ¢No 2
with y. = 4.2 and a carbon fraction of o, = 0.454 g
carbon/g cells) is 34.7 kJ/e-eq (note, the value reported
by McCarty and widely used for this parameter is 7.5
kcal/e-eq or 31.35 kJ/e-eq and is based on an assumed
formulae of CsH70,N).

For chemoheterotrophic organisms, the original
McCarty method generally involves assuming the
electron donor and the carbon source are the same
organic compound, thus AGSIC g = AGS}). For
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oxygenase-catalyzed activation reactions, this as-
sumption is not valid. The primary electron donor
substrate is transformed to an oxygen-adduct substrate
that can then be metabolized. This transformation
step usually does not release carbon. Further, the as-
sumption that the cells can directly utilize a complex
anthropogenic compound as carbon source can lead to
significant error in yield prediction.

Several possible modifications to the original Mc-
Carty calculations are possible. In the simplest modi-
fication, the downstream oxygen adduct intermediate
can be assumed to be the carbon source, its’ Gibbs
energy computed, and the synthesis costs from this
intermediate calculated using Equation (9). However,
in complex multi-step degradation pathways the first
intermediate may be subsequently converted to other
intermediates, with or without the release of car-
bon. Woo and Rittmann (2000), considering the stoi-
chiometry of biodegradation of naphthalene, assumed
pyruvate (released in many of the conversion steps)
was actually the carbon source for the cells, thereby,
using a constant value for AGY! syn for each step in
the complex pathway. The limitation to this modifica-
tion is that it requires significant pathway information.
One of the goals of any yield prediction methodology
is to generate a prediction based solely on the ori-
ginal compound without knowledge of its biochemical
pathways.

An alternative to use of a downstream intermediate
as putative carbon source is to assume that a com-
plex pathway releases simple carbon compounds that
are likely to move directly into metabolic pathways,
as does pyruvate. This allows the simplification of
Equation (9) to AGY, = AGY!,, .. While clearly
this assumption will not hold for many cases (e.g.,
autotrophic growth), it can be a useful assumption
when pathway information is not available but the
complex structure of the organic electron-donor sub-
strate suggests it is not a potential carbon source in
its unmodified form. Support for judicious use of this
assumption comes from several sources.

For simple compounds, the Gibbs energy of the
carbon source and pyruvate will be numerically close,
as originally reported by Minkevich & Eroshin (1973).
Heijnen et al. (1992) also conclude that since the
Gibbs energy of cell synthesis is close in value to the
Gibbs energy of many simple carbon sources, the dif-
ference between the Gibbs energy of the carbon source
and the Gibbs energy of cells can be ignored with less
than 5% increase in error of yield prediction. Further,
the cell synthesis energy estimate (AGY! = 34.7

e-cells
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kJ/eeq) shows a good agreement with the Gibbs en-
ergy of the cell synthesis half reaction of 33.8 klJ/e-eq,
predicted from the AGOf1 = —67 kJ/C-mole observed
by Roels (1983, 1987)."

Analysis across a wide range of simple carbon-
source substrates indicates use of a constant AGQ_IW
= AGg-lcells = 34.7 kl/e-eq for aerobic heterotrophic
systems leads to less than 10% variability in the pre-
dicted yield values (VanBriesen 2001). Therefore,
when the downstream intermediate used for cell syn-
thesis in a heterotrophic organism is not known, the
right side of the energy balance Equation (1) can be
estimated using AGYL, = AGY = =34.7 k/e-eq.
The fact that this simplification works well in hetero-
trophic systems when the physiological carbon source
is unknown but likely to conform to a regularity Gibbs
value, does not negate the use of the more complete
original McCarty formulation (Equation (9)) when
the original substrate is the carbon source, when the
downstream intermediate that acts as carbon source is
known, or when the carbon source is independent of
the electron-donor substrate (i.e., autotrophic growth).

Predicting the new yield

Following adjustments to the electron and energy bal-
ances and selection of a representative carbon source
compound, the energy and electron balances are
solved as coupled equations to produce values of f;)
and f¥ as in the original McCarty method. Equa-
tion (3) can then be used to predict a cell yield.
Equation (4) must be modified to predict the over-
all stoichiometry (following VanBriesen & Rittmann,
2000):

Overall Reaction = —TRp + f'Ra + fORc (10)

Equation (10) will produce a reaction in terms of T
moles of electron-donor substrate whereas it is often
desired to write the overall reaction in terms of one
mole of the electron-donor substrate. A rearrangement
to

0 0
Overall Reaction = —N7Rp + fTeNT Ra+ ]%NT Rc

produces a stoichiometry for one mole of electron-
donor substrate.

NADH + H*  NAD*

)Hs on 3NAD"  3(NADH + H"
H
H " ; é H/%H > < ™ H,co,

02 B0 H 2H,0
2!
MMO MDH

Figure 2. Methane degradation pathway. MMO = methane
monooxygenase. MDH = methanol dehydrogenase.

Demonstrations of the modified yield prediction
method

Methane transformation

To illustrate the modified method for thermodynamic
yield prediction, I consider the simplest compound to
be transformed by an oxygenase enzyme, methane.
The methane mono-oxygenase pathway is shown in
Figure 2. The reduction of molecular oxygen requires
four electrons, two that come from the oxidation of
methane (y = 8) to methanol (y = 6) and two that are
supplied by a reduced electron carrier, NADH+H™.
The half reaction for methane mineralization, written
as a reduction, is:

H,CO;3; + 8HT + 8¢~ — CH4 + 3H,0
AGY = A = 181.0kJ/mole

AGS}) = AGSIC g =22.63 kJ/electron-equivale?{l)
The Gibbs energy for the donor half reaction shown
in (11) and all others discussed in this paper were
computed based on the Gibbs energy of formation
of all the compounds in the reaction (all values used
are provided in Appendix A). Reaction (11) indicates
that the mineralization of one mole of methane re-
leases 8 electrons for use in cell synthesis and energy
generation.

Table 1 provides relevant thermodynamic paramet-
ers for the original McCarty yield estimation method
in the second column. The original McCarty method
is based on use of the primary electron-donor sub-
strate as the carbon-source substrate, thus, (AGS}) =
AGSIC g (methane) = 22.62 kl/eeq); the method also
assumes an efficiency, «, of 0.6. And, of course, this
method does not employ the adjustment for energy
and electron investment in the oxygenase reaction, as
described above. The predicted yield is 0.98 moles
cells/mole methane, an error of 79% from the ob-
served yield of 0.55 (Linton & Stephenson 1978;
Heijnen & Roels 1981). The observed yield (¥,ps) for
methane has been verified repeatedly and was meas-
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Table 1. Key parameters and calculated values for methane mineralization reactions

Parameter

Original McCarty method =~ New oxygenase method

AGY (kI/mole)
ys (degree of reductance of substrate)
yc (degree of reductance of cells)
E Qs (electrons in 1 mole substrate)
Ny (electrons invested in oxygenase reaction)
N7 (electrons transferred)
AGY, . (Klfeeq) = AGYY
AGY, (KI/eeq)
(AAG%(% })():;e(ekj/eeq)
¢R q)
AGOL ¢ (kifeeq)

AGY  (ifeeq)

AGQ_I_W,L (kJ/eeq) following Equation (9)
K

f.OX

T =Nr/EQs = f+ f)

R

£

Predicted yield (Cmole/Cmole); following Equation (3)

Experimental yield (Cmole/Cmole)
(Linton & Stephenson 1978; Heijnen & Roels 1981)

Error (IEprmld — PredYieldl + 100% )

ExpYield

181.0 495.8

8 8

4.2 4.2

8 8

0 4

8 4
—78.14 —78.14
22.62 -

- 45.81
—100.76 —123.95
22.62 22.62
34.75 34.75
56.63 56.63
0.6 0.6

0 0.5

1 0.5
0.52 0.28
0.48 0.22
0.98 0.54
0.55 0.55
+78.8% —1.7%

ured under experimental conditions of rapid growth
with excess substrate, designed to reduce the influ-
ence of maintenance cost on the observed yield. The
yield predicted by the thermodynamic method is the
Theoretical Yield, so comparison with observed yields
can only be made when experimental conditions make
these values nearly equivalent, or maintenance costs
are estimated and used to adjust the observed yield.

As a first step to improving yield predictions using
the thermodynamic method for methane, I rewrite the
electron-donor half reaction in a more representative
manner including the oxygen cosubstrate. Consid-
ering that four electrons from the oxidation of the
methane are utilized to reduce the cosubstrate oxy-
gen atoms (Nop = 4), the full mineralization via the
monooxygenation pathway is more accurately written
as:

H,CO3 +4H' + 4~ — CH4 + H,O + O,
(12)
AGY = 495.8 kJ/mole

This more representative reaction shows a signi-
ficantly higher Gibbs energy available; however, as

discussed above it is unlikely that the cells can cap-
ture this energy so we reduce the overall Gibbs energy
predicted by the energy associated with the reduction
of the molecular oxygen. Then,

(AGH)*® = 495.8 4 (—78.1 x 4) = 183.26 kJ/mole.
(13)
Adjusting this value in terms of the electrons re-
leased in the half-reaction, the adjusted Gibbs energy
associated with the standard reduction electron donor
half reaction is (AGS}))‘”‘ = 45.8 klJ/eeq. We notice
immediately that the Gibbs energy per mole associ-
ated with the mineralization of the donor substrate has
not changed significantly. This is necessary and expec-
ted since Equation (12) is the sum of Equation (11)
and the half reaction for oxygen reduction to water
so substracting the Gibbs energy associated with this
half reaction should bring us back, numerically, to the
same value. However, the Gibbs energy per electron
equivalent has changed substantially since only half
the electrons are available for catabolic or anabolic
processes.
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Again, key thermodynamic parameters are provided
in Table 1 for the calculations following the new
methodology (column 3). A total of 8 electrons were
available from methane and 4 are released in this reac-
tion while 4 are invested. Thus, No = 4 and Ny = 4;
fox =0.5and T = 0.5;and f0+ f0 = T = 0.5. The
overall yield using this modified methodology is pre-
dicted then as 0.54 moles/mole for the mineralization
of methane through the monooxygenation pathway, a
2% error from the experimental value.

In comparison, using the correlation-based predic-
tion method of Heijnen (Heijnen et al. 1992; Heijnen
& vanDijken 1992), the Gibbs energy of dissipation
is estimated using an empirical relationship based on
the carbon chain length (C = 1 for methane) and the
degree of reductance of the carbon source (y; = 8
for methane). The predicted yield using this method
is 0.53-0.56 moles cells/moles methane (a 2-3% er-
ror); the range is based on whether a simplification
based on the assumption of a regular value for the
cell synthesis cost is made. Thus, while the original
thermodynamic half-reaction method of McCarty was
unsuccessful in predicting the yield for methane, the
modified method produces a prediction with error
similar to other prediction methods.

In this example, neither the original McCarty
method nor the modification used an assumed carbon
source of a downstream intermediate (methanol) or a
simple carbon source. Since methanol and methane
are 1 carbon compounds, we do not expect them to
conform to energy regularities noted by Minkevich
& Froshin (1973) nor do we expect that downstream
intermediates or cell synthesis carbon sources to be
less complex. In fact use of the regularity assump-
tion for the carbon source calculation in the case of
methane biotransformation leads to yield predictions
that are less accurate (1.21 C-mole/C-mole, a 120%
error, for the original McCarty method, and 0.65 C-
mole/C-mole, a 18% error, for the modified oxygenase
method).

Chelate degradation

The aerobic degradation of nitrilotriacetate (NTA) is a
second example of an oxygenase-catalyzed reaction.
It is degraded by Chelatobacter heintzii following
a monooxygenation-initiated reaction (Tiedje et al.
1973; Tiedje & Mason 1974; Firestone & Tiedje 1978;
Egli 1990; Uetz et al. 1992; Egli 1994). The first step
in the pathway for NTA degradation is shown in Fig-
ure 3. Following the initial cleavage to iminodiacetate

o]

0, OH
NADH+H" NAD"
o] o]
M v

+ o

HO N HO OH I

o]

O

O, H,0 IDA glyoxylate

NTA NTA monooxygenase

Figure 3. Initial Step in NTA degradation. NTA = nitrilotriacetate.
IDA = iminodiacetate.

(IDA) and glyoxylate, an IDA dehydrogenase enzyme
cleaves IDA to glyoxylate and glycine. The experi-
mental yield for C. heintzii is reported as 0.24 grams
of cell dry weight (CDW) per gram of NTA (Bally
et al. 1994) with a maintenance coefficient of 0.02 g
NTA/g DW-hour and a maximum growth rate ({tmax)
of 0.17-0.18/hour (Bally et al. 1994). The mainten-
ance coefficient and yield are used to compute the cell
decay constant as follows:

p( LY — view (2228C€2W
hr gNTA

. 0.02gNTA

xMaintCoef | ——————

gCDW — hr
1

= 0.0048 (—) (14)

hr

The cell decay constant is used to compute the growth
rate (i) from the maximum growth rate (tmax) as
follows:

0.17-0.18 0.0048
M = MUmax | —————— —b
hr hr

1
0.1652-0.1752 (—) (15)
hr

The theoretical yield (in the absence of decay) is
computed from the observed yield and the ratio of the
maximum growth rate to the actual growth rate:

0.24gCDW
Yops | ———
gNTA

<0.17—0.18)
Mmax
hr

x <0.1652—0.1752>
o ((81652-0.1752
hr

YrRUE

gCDW

0.2465-0.24697
gNTA

(16)

Assuming the organic cell formulation, CH,Og -
No.2, represents 90-95% of the dry weight (Stouthamer
1973; Andrews 1989), a molar true yield can be
computed
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Given the six carbons in each molecule of NTA, and
the assumed cell formulae of CHOg¢Np.» with one
mole of carbon per mole of cells, the yield then
converts to 0.263-0.278 C-mole cells/C-mole NTA
(average value is 0.271 c-mole/c-mole).

As with the methane example, initially, I com-
plete two calculations to compare predicted yields
with this observed yield. First, the original mineraliz-
ation method as outlined by McCarty (1972b, 1975).
Second, the energy and electron balance modification
presented in this work. For the NTA degradation sys-
tem, the full mineralization without consideration of
the oxygenase enzyme system is represented as:

6H,CO3 + NH + 14H™ + 18¢~ — CgHeOsN>~
+ 12H,0

AGY = AGY = —580.32 kJ/mole

AGY) = AGOL¢ = —32.24 kI/mole

(18)
Considering that four electrons from the oxidation of
the NTA are utilized to reduce the cosubstrate oxygen
atoms, the full mineralization via the monooxygena-

tion pathway is more accurately written as:

6H,CO3 + NH/ + 10HT + 14¢~ — CsHgOsN*~
+ 10H0 + Oy

(19)
Thus, from the total 18 electrons in NTA, 4 are inves-
ted (Nop) and 14 (Nt) are available for synthesis or
energy generation; f,x = 4/18 and T = 14/18. The
relevant thermodynamic parameters are given in Table
2, along with the yield predictions.

The error compared with the experimental yield
decreases from 80% when energy and electron cor-
rections are ignored to 44% when the adjustments are
made. By comparison, using Heijnen’s correlation a
yield of 0.366 mole cell carbon/mole substrate car-
bon is predicted, a 35% overprediction. The Heijnen
method can also be modified by assumption that the
carbon source from NTA degradation is actually the
2C glyoxylate. When this is done, the predicted yield
is 0.14-0.22 c-mole/c-mole, a 19-48% underpredic-
tion. Similarly, the McCarty method (original and the
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modification described in this paper) can be used with
an assumed downstream intermediate as the carbon
source. Calculations with IDA as carbon source in-
dicate yields of 0.45 c-mole/c-mole (66% error) for
the original McCarty method and 0.36 c-mole/c-mole
(32% error) with the modified method.

One reason for the consistent overprediction of the
original and the modified McCarty methods is the se-
lection of K = 0.6 for the efficiency. This value has
been routinely used in mixed culture yield predictions
by McCarty and others (e.g., Noguera et al. 1988;
McFarland & Sims 1991; Woo & Rittmann 2000)).
However, McCarty’s original analysis estimated this
value as 0.5-0.6 for autotrophic growth, 0.4-0.8 for
anaerobic heterotrophic growth, and 0.2-0.4 for aer-
obic heterotrophic growth (McCarty 1965). While a
value of 0.6 is typically used (Rittmann & McCarty
2001), recent analysis of experimental yield data pub-
lished subsequent to McCarty’s work confirms the
range of 0.2-0.4 for aerobic heterotrophs in pure cul-
ture and indicates a value of 0.3 is most predictive for
this class of organisms (VanBriesen, 2001). Use of
K = 0.3 results in yield predictions for NTA of 0.36
c-mole/c-mole (32% error) for the original McCarty
method and 0.30 c-mole/c-mole (11% error) with the
modified method.

Ethylenediaminetetraacetic acid (EDTA) is a
hexadentate anthropogenic chelating agent that is
more recalcitrant to biodegradation than NTA. Early
reports on EDTA indicated that the molecule was not
biodegradable (Potos 1965; Bunch & Ettinger 1967,
Alexander 1973; Gardiner 1976; Gerike & Fischer
1979). Subsequent work indicated EDTA is degrad-
able in soils (Tiedje 1975; Tiedje 1977; Bolton et
al. 1993), in sediments (Tiedje 1975; Tiedje 1977),
in aerated lagoons (Belly et al. 1975), and in some
wastewaters (Means et al. 1980; Lauff et al. 1990;
Nortemann 1992; Palumbo et al. 1994). Organisms
capable of growth with EDTA as carbon and en-
ergy source have been isolated (Lauff et al. 1990;
Nortemann et al. 1991; Nortemann 1992; Henneken
et al. 1994; Palumbo et al. 1994; Henneken et al.
1995; Miyazaki et al. 1997; Kluner et al. 1998;
Thomas et al. 1998; Nortemann 1999) and all use a
mono-oxygenation initiated pathway.

Figure 4 shows the initial steps of the degradation
pathway (Kluner et al. 1998) The conversion of EDTA
to ethylenediaminetriacetate (ED3A) is a monooxy-
genation reaction resulting in cleavage of a glyoxylate
moity from the parent structure (#1). The subsequent
conversion of ED3A to N,N’ ethylenediaminediactate
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Table 2. Key parameters and calculated values for NTA mineralization reactions

Parameter

Original McCarty method =~ New oxygenase method

AGY (kIfmole)
ys (degree of reductance of substrate)
yc (degree of reductance of cells)
E Qs (electrons in 1 mole substrate)
Ny (electrons invested in oxygenase reaction)
N7 (electrons transferred)
AGY, . (Klfeeq) = AGYY
i
(AGOelD(LJ/e(e o

¢R q)
AGOL ¢ (kifeeq)

AGY - (kifeeq)

AGQ_I_W,L (kJ/eeq) following Equation (9)
K

f.OX

T =Nr/EQs = f+ f)

R

£

Predicted yield (Cmole/Cmole); following Equation (3)

Experimental yield (Cmole/Cmole)

(Bally et al. 1994)
(IEprield — PredYieldl
Error

ExpYield

* 100%)

700.32 1015.12
3 3

4.2 4.2

18 18

0 4

18 14
—78.14 —78.14
38.91 -

- 50.18
117.04 128.32
38.91 38.91
34.75 34.75
32.86 32.86
0.6 0.6

0 0.22

1 0.78
0.68 0.55
0.32 0.23
0.487 0.39
0.271 0.271
+80% +44%

(N,N’-EDDA) also involves cleavage of a glyoxyate
and uses the same oxygenase enzyme (#2). The altern-
ative conversion of ED3A to iminoacetaldehydeaceate
(IAA) and iminodiacetate (IDA) is also a monooxy-
genation (alt #2). While the conversion of EDDA has
not been documented, recent work has indicated IAA
is converted to IDA (probably via a dehydrogenase al-
though this is unconfirmed) and the two molecules of
IDA are converted using an oxygenase enzyme (Liu et
al. 2001) (#3 and #4). Thus, full EDTA mineralization
probably requires a total of 4 oxygenations. Overall
the mineralization of EDTA can be represented as:

10H,CO3 + 2NH] + 34¢™ + 28HT
— C10H1208N§_+ 22H,0

AGY = AGY = —1088.6 kI/mole
—32.02 kJ/mole

(20)

01 _ o1 _
AGeD - AGeC N
Thus, 34 electron equivalents are released per mole
mineralized. Taking into account the electrons used for
the four oxygenase reactions (Npo = 16; Ny = 18),
the electron donor half reaction is rewritten as:

10H,CO3 + 2NH] + 18¢~ + 12HT

21
- C10H1208Ng_ + 14H,0 +40; @D

BNC1, the EDTA degrading organism isolated by
Nortemann (1992), has a reported yield of 0.271 g
cell dry weight/g EDTA (Henneken et al. 1998). The
maximum cell growth rate is reported to vary between
0.03-0.07 hr~!, and the decay coefficient is reported
as 15.5 mg EDTA/gCDW-hr (Henneken et al. 1994).
Following Equations (15)—(17), the true yield is estim-
ated as 2.26-2.64 moles cells (as CH>Og ¢Np.2)/moles
EDTA, or 0.226-0.264 moles cell carbon/moles sub-
strate carbon (average value = 0.245 c-mole/c-mole).

Table 3 provides the relevant thermodynamic para-
meters and yield predictions. The modification im-
proves the error on the yield prediction from 120%
to 21%. While EDTA has more than six carbons,
we can compare this result with the yield predicted
by the Heijnen correlation method if we assume the
downstream glyoxylate is the carbon source (a 2C
compound). This methodology predicts a yield of
0.14-0.22, depending upon the assumptions selected



275

Oj \
OH HO N
0 /_/ 0
N OH HO
EDTA <
o
NADH + H* 0,
H,0
NAD* 2
T
H(O' glyoxylate
o}
Oj \
OH HO NH
(o] /——/
N OH NADH + H'
ED3A < NAD*
(o}
0, o} o
NADH + H* 0, )}\/n\)‘\ IDA
1,0 HO OH
R H,0 [e] o]
NAD H | IAA
N
HO
T
H‘/O' glyoxylate
(0]
OH HN
o) /—/ o
NH HO
N.N-EDDA

Figure 4. Tnitial Steps in EDTA degradation. EDTA = ethylenediaminetetraacetate. ED3A = ethylenediaminetriacetate; NNEDDA = N,N’
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Table 3. Key parameter and calculated values for EDTA mineralization reactions

Parameter

Original McCarty method =~ New oxygenase method

AGY (kJ/mole)

ys (degree of reductance of substrate)

yc (degree of reductance of cells)

E Qs (electrons in 1 mole substrate)

Ny (electrons invested in oxygenase reaction)
N7 (electrons transferred)

AGY, . (Klfeeq) = AGYY

AGY) (KI/eeq)

(AGYL)O¥ (Ki/eeq)

AGS}e (kl/eeq)

AGOL ¢ (kifeeq)

AGY . (Kifeeq)

AGQ_I_YW (kJ/eeq) following Equation (9)
K

f.OX

T =Nr/EQs = f+ f)

R

£

Predicted yield (Cmole/Cmole); following Equation (3)

Experimental yield (Cmole/Cmole)

(Henneken et al. 1998)
(IEprield — PredYieldl
Error

ExpYield

* 100%)

1248.6 2347.8
3.4 3.4

4.2 4.2

34 34

0 16

34 18
—78.14 —78.14
36.72 -

- 52.38
—114.84 —130.52
36.72 36.72
34.75 34.75
34.18 34.18
0.6 0.6

0 0.47

1 0.53
0.67 0.37
0.33 0.16
0.54 0.298
0.245 0.245
+120% +22%

Table 4. Stoichiometry for electron donor half reactions for aromatic mineralization reactions

Benzene
Original CgHg + 19H,0 — 30HT + 30e™ + 6H,CO3 AGY) =26.66 kileeq
New method ~ CgHg + 19H,0 + 20, — 22H™ + 22e™ + 6H,CO3 (AGL)ox = 64.98 kifeeq
Toluene
Original C7Hg +21H,0 — 36HT + 36e~ + 7H,CO;3 AGY) =26.09 ki/eeq
New method ~ C7Hg + 17H,0 + 20, — 28H™ + 28e™ + 7H,CO3 (AGY1)%¥ = 56.03 kl/eeq
Phenol
Original CeHsOH + 17H,0 — 28HT + 28¢™ + 6H,CO3 AGOL =27.81 kifeeq
New method ~ CgHsOH + 13H0 +20; — 20HT +20e™ + 6HyCO3  (AGY})%% =70.41 klfeeq

in the method, a 11-75% error. The original and mod-
ified McCarty methods can also use this presumed
carbon source of glyoxylate or can be based on a con-
stant cell synthesis cost assumption. For the original
method, these alternatives result in yield predictions of
0.54-0.58 (still greater than 100% error). For the new
oxygenase method, the predicted yield is 0.30-0.32
(22-30% error).

As in the case of NTA, use of K = 0.3 res-
ults in improved yield predictions for EDTA. The
original McCarty method with K = 0.3 predicts an
EDTA yield of 0.4-0.43 C-mole/C-mole, representing
a 63-75% overprediction error; while using the modi-
fication described in this paper with K = 0.3 predicts
an EDTA yield of 0.2-0.24 C-mole/C-mole, a 2-19%
underprediction.
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Table 5. Calculated values for aromatic mineralization reactions

Prameter Benzene  Toluene  Phenol
Predicted yield 0.66 0.68 0.63
(original McCarty method)

Predicted yield 0.51 0.54 0.47
(Oxygenase method)

Experimental yield 0.427 0.525 0.358
(Reardon et al. 2000)

Error with original method +55% +29% +76%

Error with Oxygenase method  +18.5%  +3% +31%

Aromatic hydrocarbon degradation

Aromatic hydrocarbons are often degraded through
oxygenase enzymes that cleave the benzene ring. Fig-
ure 5 shows the general pathway for mineralization
of substituted aromatic compounds. Table 4 shows
the stoichiometry of the electron donor half reactions
based on the standard and the modified thermody-
namic methods.

Three aromatic compounds are shown as examples
in Table 4 — benzene, toluene, and phenol. These
compounds were selected because they were the sub-
ject of a recent kinetic study that included adequate
detail in yield experiments and a literature survey of
previous reported yield values (Reardon et al. 2000).
Table 5 contains predicted yields following the simple
mineralization method and the new oxygenase method
introduced in this paper. The oxygenase method sig-
nificantly reduces the error in yield predictions (from
29-76% to 3-31%). Improved predictions are again
seen with use of K = 0.3 along with the assumption
that the carbon source for synthesis is a simple carbon
compound resulting from the cleavage of the benzene
ring; predicted yields are then within 10% of observed
values for all three aromatic hydrocarbons.

Conclusions

The McCarty thermodynamic method for prediction of
cell yields is based on the assumption that the oxida-
tion of the primary electron donor releases all avail-
able electrons to the synthesis or energy generation
pathways (Rittmann & McCarty 2001). However, bio-
degradation of anthropogenic compounds may require
investment of electrons and involvement of oxygen as
a cosubstrate to activate the organic compound. This
investment diverts electrons from synthesis and energy
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Figure 6. Comparison of experimental yields and yields predicted by the standard McCarty thermodynamic method (squares; solid is K = 0.6
and open is K = 0.3), and the newly developed Oxygenase-adjusted method (triangles; solids is K = 0.6 and open is K = 0.3). Solid line with
represents the Observed Values with maximum and minimum reported values shown by the brackets when data are available.

generation, thus reducing the overall cell yield. Modi-
fication of energy and electron balances is required
to consider the utilization of substrate electrons for
reduction of oxygen via oxygenase enzymes.

Figure 6 shows results for all the substrates con-
sidered in this paper. Observed yields are plotted
against predicted yields based on the standard ther-
modynamic method and predicted yields based on the
method introduced here (results for K = 0.6 and K
= 0.3 are shown; carbon source simplifications are not
shown). The solid line defines the observed yields with
error bars shown based on the variability in the obser-
vations when these data were available. Squares are

the prediction based on the original method (solid K =
0.6 and open K =0.3), in all cases exceed the observed
values, and fall outside the range of reported values.
The modification described here (shown as triangles;
solid K = 0.6 and open K = 0.3) provides significant
improvement for estimation of cell yields for bac-
terial growth on complex, anthropogenic compounds
degraded through oxygenase-catalyzed reactions.
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Appendix A. Gibbs Energy of Formation for Relevant Compounds

Compound Gibbs energy of formation (kJ/mole) Reference

Methane —50.82 (Brock and Madigan 1991)

NTA —954.79 Estimated following (Mavrovouniotis 1990, 1991).
Details provided in (VanBriesen 1998).

EDTA —1208.34 Estimated following (Mavrovouniotis 1990, 1991).
Details provided in (VanBriesen 1998).

Benzene 128.84 (Stull, Westrum & Sinke 1969)

Toluene 116.32 (Stull, Westrum & Sinke 1969)

Phenol —49.79 (Stull, Westrum & Sinke 1969)

Glyoxylate —461.07 (Long 1961)

IDA —655.2 Estimated following (Mavrovouniotis 1990, 1991).
Details provided in (VanBriesen 1998).

H,O —237.57 (Brock and Madigan 1991)

H,CO3 —624.05 (Brock and Madigan 1991)

NHI —79.61 (Brock and Madigan 1991)

HT (at pH 7) —39.83 (Brock and Madigan 1991)
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