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das Korrekturlesen der deutschen Zusammenfassung. Ich möchte mich auch bei allen
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Summary
Oxidative transformation processes, in particular enzymatic dioxygenation, play an important role in the mitigation of organic contaminants because these reactions can lead to
detoxification and mineralization. Assessing the dioxygenation of aromatic compounds
in the environment is, however, challenging because of concurrent removal of the reactant by other processes and further degradation of the products by microorganisms.
In contrast to the interpretation of concentration dynamics and product identification,
compound-specific isotope analysis (CSIA) provides conclusive information about the
pathway and extent of contaminant transformation from exclusive analysis of the reactant. However, previous studies found that the dioxygenation of aromatic compounds
is associated with an unusually large variation of isotope fractionation and apparent
13
C-kinetic isotope effects (13 C-AKIEs). This variability of 13 C-AKIEs for one type of
reaction might impede the application of CSIA for quantifying contaminant biodegradation. Therefore, it was the goal of this dissertation to investigate the mechanism and
kinetics of the dioxygenation of a widely found group of organic contaminants, namely
nitro- and aminoaromatic compounds, to elucidate the origin of 13 C-AKIE variability.
It has been hypothesized that the variability of 13 C-AKIEs of the dioxygenation of
aromatic compounds could be caused by (i) different dioxygenation mechanisms that
depend on the position of oxygenation at the aromatic ring (1,2- vs. 2,3-dioxygenation)
or (ii) different rate-limiting steps of the catalytic cycle of dioxygenase enzymes.
The dioxygenation of diphenylamine and aniline by pure cultures of Burkholderia
sp. strain JS667 was investigated to obtain 13 C-AKIEs representative for the 1,2dioxygenation of aromatic compounds as previous studies mostly focused on contaminants undergoing a 2,3-dioxygenation. The resulting isotope fractionation measured
during the dioxygenation of the two aminoaromatic compounds was associated with
13
C-AKIEs of 1.003 ± 0.001 for aniline and 1.007 ± 0.001 for diphenylamine. The magnitude of 13 C-AKIEs for 1,2-dioxygenation reactions can, thus, be equally small as the
13
C-AKIEs for the 2,3-dioxygenation of toluene and chlorobenzene. Consequently, the
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position of oxygen addition at the aromatic ring cannot explain the variations observed
in 13 C-AKIEs of contaminant dioxygenations.
A systematic investigation of 13 C-AKIEs associated with the dioxygenation of various
nitroaromatic compounds by two nitroarene dioxygenases (NBDO and 2NTDO) revealed
that also within a class of compounds variations in 13 C-AKIEs can be substantial. The
largest 13 C-AKIE was observed for the dioxygenation of nitrobenzene by NBDO and
amounted to 1.025 ± 0.001 whereas the smallest 13 C-AKIE of 1.003 ± 0.001 was found
for the dioxygenation of 4-nitrotoluene by 2NTDO. The comparison of experimental
13
C- and 2 H-AKIEs with theoretical KIEs from density functional theory calculations
indicated that the dioxygenation of nitroaromatic compounds occurs through at least
three elementary reaction steps. These elementary reaction steps comprise one or more
O2 activation steps, a C–O bond formation step at the C-2 atom (relative to the nitro
substituent), and a second C–O bond formation step at the C-1 atom. The variations
in 13 C-AKIEs were interpreted as a shift in the rate-limiting step of dioxygenation. In
cases where 13 C-AKIEs are small, O2 activation seems to be the exclusive rate-limiting
step of substrate transformation. However, for substrates with large 13 C-AKIEs, the
second C–O bond formation step contributes (partially) to the overall transformation
rate.
Further investigations of the O2 activation mechanism of NBDO with 18 O-KIEs of
dissolved O2 , confirmed the overall rate-limiting step to be an O2 activation step. The
resulting 18 O-KIEs between 1.014 ± 0.004 and 1.016 ± 0.002 indicate that the formation
of an Fe–OOH in the active site of NBDO was the rate-limiting step of dioxygenation
for all nitroaromatic substrates. Consequently, only a partial shift in the rate-limiting
step towards the second oxygenation step is required to cause the observed variability
in 13 C-AKIEs for the dioxygenation of nitroaromatic compounds.
The results from this work indicate that applications of CSIA for tracking the dioxygenation of nitroaromatic compounds in the environment are limited by the generally
small 13 C-AKIEs. The absence of significant contaminant isotope fractionation due to
a rate-limiting O2 activation step may also explain the small 13 C-AKIEs reported for
oxygenation reactions of other compounds. Recent observations with flavin-dependent
monooxygenases confirm these findings in that the presence and absence of measurable
substrate isotope fractionation is coupled to the sequence of substrate binding and O2
activation. Future work on CSIA of organic contaminants can therefore benefit from the
elucidation of the catalytic cycles of oxygenase enzymes that are capable of catalyzing
the initial step of the biodegradation of aromatic contaminants.
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Zusammenfassung
Die enzymatische Dioxygenierung organischer Schadstoffe ist ein wichtiger, oxidativer
Abbauprozess, der massgeblich zur Reduktion der Schadstoffbelastung in der Umwelt
beitragen kann. Die Produkte von Dioxygenierungsreaktionen sind meist weniger toxisch als die Ausgangssubstanzen und können von Mikroorganismen als Energie- und
Nährstoffquelle verwendet werden. Ob ein Schadstoff in der Umwelt tatsächlich über
eine Dioxygenierungsreaktion abgebaut wird, ist jedoch schwierig nachzuweisen, denn
mehrere, parallel verlaufende Prozesse können zum Verschwinden einer chemischen Verbindung beitragen und kurzlebige Dioxygenierungsprodukte unterliegen weiterem Abbau. Eine geeignete Methode, um verschiedene Abbauprozesse von Schadstoffen zu
unterscheiden und zu quantifizieren, ist die substanzspezifische Isotopenanalyse (engl.
compound-specific isotope analysis, CSIA). Dabei wird die Änderung der Isotopenzusammensetzung eines Schadstoffes während eines Abbauprozesses gemessen, wodurch
der kinetischen Isotopeneffekt (KIE) der Reaktion bestimmt wird. Frühere Studien
zur Dioxygenierung von aromatischen Schadstoffen konnten eine ungewöhnlich grosse
Variation an 13 C-KIE Werten feststellen, was die Anwendung von CSIA erschweren
könnte. Die Variabilität der 13 C-KIE Werte für die Dioxygenierung von aromatischen
Verbindungen könnte bedingt sein durch (i) unterschiedliche Reaktionsmechanismen in
Abhängigkeit von der Position im aromatischen Ring, an der die Oxygenierung stattfindet (1,2- oder 2,3-Dioxygenierung) oder (ii) verschiedene geschwindigkeitsbestimmende Schritte des katalytischen Zyklus von Dioxygenase Enzymen. Das Ziel dieser Dissertation war es, den Mechanismus und die Kinetik von Dioxygenierungsreaktionen anhand von weit verbreiteten nitro- und aminoaromatischen Schadstoffen zu untersuchen.
Die 1,2-Dioxygenierung von Diphenylamin und Anilin wurde mit einer Reinkultur
von Burkholderia sp. strain JS667 untersucht. Dabei wurden 13 C-KIE Werte von
1.003±0.001 für Anilin und 1.007±0.001 für Diphenylamin ermittelt. Diese kleinen KIE
Werte sind vergleichbar mit den KIE Werten für die 2,3-Dioxygenierung von Toluol und
Chlorbenzol. Die Position, an der die Oxygenierung im aromatischen Ring stattfindet,
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kann folglich als Ursache für die Variabilität von 13 C-KIE Werten für die Dioxygenierung
von aromatischen Verbindungen ausgeschlossen werden.
Des Weiteren wurden 13 C-KIE Werte für die Dioxygenierung von nitroaromatischen
Verbindungen mit zwei unterschiedlichen Dioxygenase Enzymen (NBDO und 2NTDO)
untersucht. Dabei konnte festgestellt werden, dass auch innerhalb einer Substanzklasse erhebliche Unterschiede in den 13 C-KIE Werten auftreten können. Der grösste
13
C-KIE Wert von 1.025 ± 0.001 wurde für die Dioxygenierung von Nitrobenzol mit
NBDO ermittelt, während der kleinste 13 C-KIE Wert nur 1.003 ± 0.001 betrug und
für die Dioxygenierung von 4-Nitrotoluol mit 2NTDO gemessen wurde. Der Vergleich
von experimentellen mit theoretischen, mittels Dichtefunktionaltheorie (DFT) berechneten, 13 C- und 2 H-KIE Werten zeigte, dass der Reaktionsmechanismus der Dioxygenierung aus mindestens drei elementaren Reaktionsschritten besteht. Zuerst wird O2 in
einem oder mehreren Schritten aktiviert, danach wird eine C–O Bindung am C-2 Atom
des aromatischen Ringes (relativ zur Nitrogruppe) gebildet und schliesslich entsteht
eine zweite C–O Bindung am C-1 Atom des aromatischen Ringes. In diesem Reaktionsverlauf können unterschiedliche Schritte geschwindigkeitsbestimmend sein, was die
beobachteten Variationen der 13 C-KIE Werte erklären kann. Für Verbindungen, die
einen kleinen 13 C-KIE Wert ausweisen, ist die Aktivierung von O2 geschwindigkeitsbestimmend, während für Verbindungen mit grossem 13 C-KIE Wert auch die Bildung der
zweiten C–O Bindung geschwindigkeitsbestimmend ist.
In zusätzlichen Experimenten wurde der O2 Aktivierungsmechanismus durch die
Bestimmung von 18 O-KIE im gelösten O2 genauer untersucht. Die dabei ermittelten
18
O-KIE Werte lagen zwischen 1.014 ± 0.04 und 1.016 ± 0.002, was darauf hindeutet,
dass im geschwindigkeitsbestimmenden Schritt ein Fe–OOH Komplex gebildet wird.
Diese O2 Aktivierung ist allerdings bei der Dioxygenierung von allen nitroaromatischen
Verbindungen der geschwindigkeitsbestimmende Schritt. Dies bestätigt, dass die Variabilität der ermittelten 13 C-KIE Werte für die Dioxygenierung von nitroaromatischen
Verbindungen nur durch einen partiellen Beitrag des zweiten Oxygenierungsschrittes
zustande kommt.
Die gesammelten Resultate dieser Arbeit zeigen auf, dass die Anwendung von CSIA
für die Bestimmung von Schadstoffabbau durch Dioxygenierung in der Umwelt durch
die generell kleinen 13 C-KIE Werte bei nitroaromatischen Verbindungen erschwert wird.
Die geschwindigkeitsbestimmende O2 Aktivierung bewirkt, dass im Schadstoff keine
Isotopenfraktionierung gemessen werden kann, und erklärt vermutlich auch die kleinen
13
C-KIE Werte für die Dioxygenierung von anderen Verbindungen. Ähnliche Beobach-
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tungen konnten in Versuchen mit Flavoproteinen gemacht werden, bei denen die Grösse
der messbaren Isotopenfraktionierung im Substrat davon abhängig ist, ob zuerst die
Bindung des Substrates ans Enzym oder die Aktivierung von O2 stattfindet. In künftigen
Studien könnte daher die Erforschung der katalytischen Zyklen von Enzymen, die für den
ersten Bioabbauschritt verantwortlich sind, einen wichtigen Beitrag zu einer verbesserten
Beurteilung von Schadstoffabbau mittels CSIA führen.
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Chapter 1

1.1

Oxidative pollutant transformations in natural
and engineered systems

Oxidative transformation processes play an important role in the mitigation of organic
contaminants in the environment as well as during waste and drinking water treatment. 1,2 In the natural environment, oxidations can occur at mineral surfaces, 3,4 during
enzyme-catalyzed reactions in microorganisms, 5,6 and in the presence of photochemically
produced reactive intermediates. 7 In engineered systems, oxidations are purposefully applied to eliminate organic contaminants during drinking water production, 8,9 and they
occur as co-metabolic transformations in activated sludge microbial communities during
waste water treatment. 10,11 The common feature in many of the above reactions is the
presence of highly reactive species derived from molecular O2 , that is 1O2 , HO• , ROO• ,
O2 •− , and O3 , which oxidize or oxygenate electron rich moieties of the reactant, such as
aromatic rings, double bonds, and non-bonding electrons of O, N, and S atoms. During
enzymatic contaminant oxidations, which are usually catalyzed by non-heme iron dioxygenases, flavin-dependent monooxygenases, or cytochrome P450 enzymes, one typically
observes the incorporation of one or two O atoms leading to mono- and dioxygenated
products. 12 The latter can be transformed further in metabolic processes leading to the
mineralization of recalcitrant organic contaminants including alkylated benzenes, polyaromatic hydrocarbons, biphenyls, chlorobenzenes, as well as nitro- and aminoaromatic
compounds. 12,13
The present work focuses on the oxidative biodegradation of nitro- and aminoaromatic compounds, which represent persistent and toxic contaminants, such as pesticides, dyes, explosives, and industrial feedstocks. 14,15 Additionally, nitro- and aminoaromatic compounds, such as nitrobenzene, aniline, and diphenylamine, are used in large
amounts by the chemical industry as synthesis precursors. 15,16 Prominent examples of
nitroaromatic contaminants are mono- and dinitrotoluenes that are intermediates in the
production of the explosive 2,4,6-trinitrotoluene (TNT). 17 Thus, nitro- and aminoaromatic contaminants have been introduced into the environment for decades through
improper storage, inadequate handling of liquid and solid waste, and deliberate release
as explosives. In oxic environments, aminoaromatic compounds are susceptible to both
abiotic and enzyme-catalyzed oxidations including biotransformations by dioxygenases
and flavoproteins, 18,19 oxidations at manganese oxide surfaces, 20,21 and indirect photochemical transformations. 22,23 The transformation of nitroaromatic compounds, on the
other hand, is dominated by enzyme-catalyzed reactions including mono- and dioxy2
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genations as well as methyl-group oxidations. 17

1.2

Dioxygenation of nitro- and aminoaromatic contaminants

Microorganisms have evolved efficient strategies for the mineralization of recalcitrant
aromatic contaminants including nitro- and aminoaromatic compounds. 17,24 Microbial
mineralization is often initiated by oxygenases, which are a versatile class of enzymes
involved in processes like detoxification, synthesis of secondary metabolites, and the
catabolism of hydrocarbons. 6 Dioxygenase enzymes initiate the complete mineralization of aromatic contaminants by introducing both O-atoms of O2 into the substrate,
which leads to the formation of cis-dihydrodiol intermediates. 5 As shown in Figure 1.1,
cis-dihydrodiols are further transformed by dehydrogenase enzymes into substituted
catechols. 12 Subsequently, ring opening reactions are catalyzed by intradiol or extradiol
catechol dioxygenases, which lead to the formation of hydrophilic products amenable to
the TCA cycle. 5,25
A large number of dioxygenases capable of transforming aromatic compounds to cisdihydrodiol products have been found in microorganisms from contaminated environments. Aromatic contaminants accessible to these, mostly, Rieske-type non-heme iron
dioxygenases include benzene, toluene, naphthalene, phthalate, benzoate, nitroarenes,
and aniline. 13 During the dioxygenation of most monosubstituted aromatic compounds,
such as toluene and chlorobenzene, 26,27 the hydroxyl groups are added to the aromatic
ring at the carbon atoms adjacent to the substituent (2,3-dioxygenases, Figure 1.1).
However, all known dioxygenases capable of degrading nitro- and aminoaromatic compounds catalyze a 1,2-dihydroxylation reaction followed by spontaneous removal of the
nitro or amino group (1,2-dioxygenases, Figure 1.1). 28–30

1.3

Assessing contaminant dioxygenation with compound-specific isotope analysis

Assessing the biodegradation of nitro- and aminoaromatic compounds in the environment is a challenging task. Biodegradation can occur over timescales of years to decades
through various pathways and lead to both mineralization as well as various (toxic) byproducts. 17,24 Moreover, contaminants also disappear due to non-reactive processes, such
3
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Figure 1.1: Mineralization pathway of aromatic compounds initiated by dioxygenase enzymes
through a 1,2-addition (left side) or a 2,3-addition (right side) of the two O-atoms from O2
(adapted from Fuchs et al. 5 ).
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as sorption and dilution. For all these reasons, new strategies are required to assess the
transformation of nitro- and aminoaromatic contaminants that do not rely entirely on
the interpretation of concentration dynamics and identification of reaction products.
Compound-specific isotope analysis (CSIA) enables the distinction of transformation
processes from phase-transfer and dilution by exclusive analysis of the reactant. This
distinction is possible because only processes involving a bond cleavage or formation are
associated with significant changes in the isotopic composition of a contaminant. 31 The
isotopic composition of element E in an organic compound is given in the delta notation
(δ hE) relative to an international standard (eq. 1.1). 32
δ hE =

R - Rref
( hE/ lE) − ( hE/ lE)ref
=
Rref
( hE/ lE)ref

(1.1)

where R and Rref represent ratios of heavy and light isotopes of element E ( hE/ lE) of a
compound and in an internationally accepted reference material, respectively. Changes
in isotopic composition of a contaminant during its transformation result from the kinetic
isotope effect (KIE) of the reaction, which is defined as the ratio of reaction rates of
heavy and light isotopes at the reacting bonds (eq. 1.2). 31
l

KIE =

k

(1.2)

hk

Isotope fractionation, that is shifts in δ hE owing to the KIE of a reaction, is quantified
by bulk compound isotope enrichment factors, εE . This parameter relates measured
isotope signatures of a contaminant with the extent of conversion, quantified as fraction
of remaining substrate, c/c0 , as in eq. 1.3.
1 + δhE
=
1 + δ h E0



c
c0

εE
(1.3)

where δ hE and δ hE0 are isotope signatures of the reactant at a certain time point and
at the beginning of a reaction, respectively. Because not all atoms are involved in a
given transformation reaction, the observable isotope effects referred to as apparent
13
C- and 2 H-KIEs have to be derived indirectly. 31 To this end, one neglects secondary
isotope effects at non-reactive positions and estimates an enrichment factor specific for
the reactive position where bonding changes occur, εE,rp (eq. 1.4), which can be used
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to calculated apparent KIEs (AKIEs, eq. 1.5). 31
εE,rp ≈ n/x· εE
AKIEE =

1
1 + z · εE,rp

(1.4)
(1.5)

where n is the total number of atoms of element E present in the contaminant molecule,
x is the number of atoms involved in the reaction, and z is a correction factor for
intramolecular competition.
In contrast to AKIEs, the intrinsic KIE refers to the isotope effect pertinent to an
elementary reaction step. The magnitude of the intrinsic KIE is determined by the
difference in energy between ground and transition state and, thus, indicative for a reaction. 31 In principle, the AKIE is equal to the intrinsic KIE of the rate-limiting step of a
reaction. However, in multi-step reactions AKIEs can deviate from the intrinsic KIEs if
the reactions step, during which bond cleavages or formations occur, is not (exclusively)
limiting the overall rate of reaction. This phenomenon is called commitment to catalysis or masking of the intrinsic KIE. 31 Most enzyme-catalyzed transformations, including
the dioxygenation of nitro- and aminoaromatic compounds, are multi-step reactions.
The catalytic cycle of dioxygenase enzymes is illustrated in Figure 1.2 for nitroaromatic
compounds and comprises the consecutive binding of substrate and molecular O2 , the
formation of reactive Fe-oxygen species, and the C–O bond formation steps at the aromatic ring. 12,33 Masking of the intrinsic KIE will occur if a step prior to the C–O bond
formations, such as substrate binding or O2 activation, is rate-limiting. Consequently,
the magnitude of measurable isotope fractionation will depend on (i) the reaction mechanism of the dioxygenation and the chemical transformation step determining the intrinsic
KIE and (ii) the kinetics of the enzymatic cycle, which can cause deviations between
intrinsic KIEs and AKIEs.
An alternative approach for evaluating isotope fractionation of contaminant transformations is the linear correlation of measured isotope signatures of two elements, δ h E1
vs. δ h E2 . The slope of this linear correlation (Λ) is approximately equal to the ratio of
bulk enrichment factors, E1 /E2 , as shown in eq. 1.6. 31
Λ=

E1
∆δ h E1
≈
∆δ h E2
E2

(1.6)

A considerable advantage of this approach is that potential masking of the intrinsic
KIEs through preceding, non-reactive steps will be canceled out when considering two
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Figure 1.2: Catalytic cycle of nitroarene dioxygenases containing an active site mononuclear
iron (E-Fe(II) ). The first two steps comprise the binding of the substrate (1) and molecular O2 .
Subsequently, the iron-oxygen complex is reduced with an electron from the Rieske cluster,
[Fe2 S2 ], followed by at least one transformation step of 1 with the iron-oxygen complex to the
dihydroxylated product (2). After release of 2, the mononuclear iron and Rieske complex are
reduced by an external electron donor (NADH).

elements. The applicability of this two-dimensional isotope analysis for field studies was
shown recently. 34
Despite all these challenges, applications of CSIA have shown that C, H, and N isotope fractionation associated with enzymatic dioxygenation of aromatic contaminants is
measurable with CSIA at natural abundance isotope distributions. 34–43 However, the
resulting 13 C- and 2 H-AKIEs from studies with benzene, toluene, trichlorobenzene,
naphthalene, and nitrobenzene varied significantly. 35–37,42 All reported 13 C-AKIEs were
small (1.000-1.004), except for the dioxygenation of nitrobenzene which had a significantly larger 13 C-KIE of 1.024 ± 0.001. 36 The origin of this considerable difference in
13
C-AKIEs is currently elusive, but the following two hypotheses appear plausible. (i)
Nitrobenzene is the only substrate studied so far that undergoes a 1,2-dioxygenation
whereas all other substituted compounds are oxygenated at the 2,3-position (see Figure
1.1), thus, the difference in 13 C-AKIE could arise from these different dioxygenation
mechanisms. (ii) Small isotope fractionation could be caused by masking of the intrinsic KIE of the dioxygenation reaction by a preceding, rate-limiting step, such as
substrate binding or O2 activation (see Figure 1.2). The Variations in 13 C-AKIEs could
be explained with a shift in the rate-limiting step towards the oxygenation steps due to
specific enzyme-substrate interactions. Consequently, various factors can modulate the
7
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observable contaminant isotope fractionation during oxidative biotransformation and it
is currently unclear, if and to what extent CSIA can be used to track the (di)oxygenation
of aromatic compounds in the environment.

1.4

Objectives and approach

The general goal of this dissertation was to investigate the origin of the variability of
the KIEs associated with the dioxygenation of aromatic compounds. To this end, the
1,2-dioxygenation of nitro- and aminoaromatic compounds was studied in laboratory
experiments with wild-type microorganisms from contaminated environments, E. coli
clones expressing nitroarene dioxygenases, cell extracts, and purified enzymes. During the transformation of nitro- and aminoaromatic compounds, substrate and product
concentration trends were analyzed together with isotope fractionation of substrates,
organic products, and the co-substrate O2 . The specific objectives of this work were the
following:
1. To determine the variability of 13 C-, 2 H-, and 15 N-AKIEs of selected nitro- and
aminoaromatic compounds during transformation by dioxygenase enzymes to identify the rate-limiting step(s) during 1,2-dioxygenation.
2. To study the contribution of non-reactive processes, i.e., transport through cell
membranes, to the observable isotope fractionation during the dioxygenation of
nitroaromatic compounds in suitable laboratory model systems.
3. To investigate the influence of substrate specificity of nitroarene dioxygenases, i.e.,
occurrence of side-reactions and catalytic efficiency, on the reaction mechanism and
the AKIEs.
4. To determine the KIEs associated with O2 activation during the dioxygenation
of nitroaromatic compounds to examine whether O2 activation contributes to the
overall rate limitation of dioxygenation.
In chapter 2, the C and N isotope fractionation of aniline and diphenylamine was
studied using Burkholderia sp. strain JS667, which can biodegrade both aminoaromatic
compounds. The resulting isotope enrichment factors and AKIEs were compared to
abiotic model reactions to addressed objective 1.
Chapter 3 deals with the dioxygenation of nitrobenzene and 2-nitrotoluene by nitrobenzene dioxygenase. This study contributed to objectives 2 and 3 by investigating
8
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isotope fractionation of two nitroaromatic substrates and their dioxygenation products
in experiments with whole cells, cell extract, and pure enzymes.
In chapter 4, objectives 1 and 3 were addressed by investigating isotope fractionation
during the dioxygenation of various nitroaromatic compounds by two nitroarene dioxygenases and comparing experimentally determined AKIEs with intrinsic KIEs obtained
from density functional theory calculations for the elementary steps of this multi-step
reaction.
Chapter 5 presents a newly developed method for the quantification of O isotope
signatures, δ 18 O, of dissolved O2 , which can be used to study isotope fractionation during
the reduction of O2 to reactive oxygen species. This method was applied in chapter 6
to determine the 18 O-KIEs of O2 activation during the dioxygenation of nitroaromatic
compounds and address objective 4.
A general conclusion illustrating the most important findings of this work and open
questions for future research is presented in chapter 7.
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Chapter 2

Abstract
Dioxygenation of aromatic rings is frequently the initial step of biodegradation of organic subsurface pollutants. This process can be tracked by compound-specific isotope
analysis to assess the extent of contaminant transformation, but the corresponding isotope effects, especially for dioxygenation of N-substituted, aromatic contaminants, are
not well understood. We investigated the C and N isotope fractionation associated with
the biodegradation of aniline and diphenylamine using pure cultures of Burkholderia sp.
strain JS667, which can biodegrade both compounds, each by a distinct dioxygenase
enzyme. For diphenylamine, the C and N isotope enrichment was normal with C - and
N -values of −0.6 ± 0.1h and −1.0 ± 0.1h, respectively. In contrast, N isotopes of
aniline were subject to substantial inverse fractionation (N of +13 ± 0.5h) while the
C -value was identical to that of diphenylamine. A comparison of the apparent kinetic
isotope effects for aniline and diphenylamine dioxygenation with those from abiotic oxidation by manganese oxide (MnO2 ) suggest that the oxidation of a diarylamine system
leads to distinct C–N bonding changes compared to aniline regardless of reaction mechanism and oxidant involved. Combined evaluation of the C and N isotope signatures

of the contaminants reveals characteristic ∆δ 15 N ∆δ 13 C-trends for the identification of
diphenylamine and aniline oxidation in contaminated subsurfaces and for the distinction of aniline oxidation from its formation by microbial and/or abiotic reduction of
nitrobenzene.
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2.1

Introduction

Stable isotope fractionation measured in individual organic compounds enables the identification of (bio)degradation processes for a broad variety of aquatic and soil micropollutants. 31,44–46 This application of compound-specific isotope analysis (CSIA) is of
particular relevance for assessing organic contaminants in the subsurface, for which
degradation is difficult to monitor in-situ and natural attenuation is often the preferred
option for mitigation. 47,48 Under oxic conditions, dioxygenation of aromatic rings is
frequently the initial step of biodegradation of organic pollutants such as fuel components and industrial chemicals. 12,13,33 Unfortunately, the isotope effects pertinent to
these reactions are not well understood, thus making an interpretation of isotope fractionation quite challenging. The C isotope fractionation observed during dioxygenation
of aromatic hydrocarbons and chlorobenzenes was generally small, 35,37–39,42,43 whereas
the opposite was found for the dioxygenation of nitrobenzene. 36,44 Little is known, however, about the isotope effects associated with the dioxygenation of other, N-substituted
aromatic contaminants such as aniline and diphenylamine. Such compounds are often
found at aniline manufacturing sites where contamination with aniline, nitrobenzene,
and diphenylamine, a byproduct of industrial nitrobenzene reduction to aniline, can
occur. 16,18 In evaluating natural attenuation of subsurface contamination, it is not only
difficult to assess the biodegradation of each compound but also to distinguish competing
processes such as oxidative nitrobenzene biodegradation from reduction to aniline 49–52
and dioxygenation of aniline by microbes vs. transformation by abiotic oxidants. 24,53–55
CSIA could offer important evidence for assessing these processes in the subsurface provided that the isotope effects, thus the isotope fractionation behavior of the reactions,
are better understood.
Indeed, mechanisms and regioselectivity of dioxygenation leading to cis-dihydrodiol
intermediates and their further reaction to (substituted) catechols differ between substituted benzenes and benzenes with N-containing aromatic substituents (i.e., nitro- and
aminoaromatic compounds) as illustrated in Figure 2.1. Whereas dioxygenations are
initiated at the 2,3-position of the aromatic ring in the first case (Figure 2.1a), phenols,
nitro- and aminoaromatic compounds react by ipso-attack at the 1,2-position (Figure 2.1b). 56–61 Moreover, the formation of substituted 2,3-cis-dihydrodiols (compound
1a in Figure 2.1a) requires a dehydrogenase for further oxidation to substituted catechols 27,62–64 (2a) whereas substituted 1,2-cis-dihydrodiols (1b) rearrange spontaneously
to catechol (2b) eliminating N-containing leaving groups (i.e., nitrite or ammonia). 28–30
The two dioxygenation mechanisms differ with regard to the position of electrophilic
13
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Figure 2.1: Comparison of the 2,3-dioxygenation (left) and 1,2-dioxygenation (right) pathways.

attack, the kinetics and mechanisms of oxygen activation and addition, as well as the
timing of the leaving group departure. Biochemical and evolutionary characterization
of aromatic hydrocarbon dioxygenases suggests that these enzymes have a broad substrate specificity and that mechanistic differences arise from differences in substrate
binding. 13,25,33,65–69 Whether these factors are also responsible for the observed differences in isotope fractionation behavior and thus for the kinetic isotope effects of the two
dioxygenation pathways is currently unclear.
The goal of the present study was to determine the isotope fractionation during
biodegradation of aminoaromatic contaminants and to explore the isotope effects as14
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sociated with dioxygenations initiated by ipso-attack. We hypothesized that distinct
isotope fractionation patterns observed so far arise from the regioselectivity of dioxygen
addition and mechanistic implications thereof. The 1,2-dioxygenation mechanisms may
lead to typical changes in C bonding during dearomatization that are also susceptible to
the nature of the leaving group and the type of C–N bonding in the intermediates. To
test our hypotheses, we investigated the C and N isotope fractionation associated with
the 1,2-dioxygenation of aniline and diphenylamine using pure cultures of Burkholderia
sp. strain JS667. This organism is capable of using both aminoaromatic substrates as
the sole source of C, N, and energy. 18 The initial attack on diphenylamine is catalyzed by
an enzyme closely related to the carbazole dioxygenase from Sphingomonas sp. strain
KA1 and results in the formation of catechol and aniline, which is subsequently oxidized by an enzyme closely related to other aniline dioxygenases. 18 To obtain insights
into the contribution of C–N bonding changes in the dioxygenation intermediates to the
observable isotope fractionation, abiotic reference experiments were carried out with
manganese oxide (MnO2 ) as oxidant. As shown recently, aniline oxidation by MnO2
proceeds via imine-type intermediates that may also occur during dioxygenation: isotope fractionation determined in MnO2 suspensions might serve here as an indicator for
similar reaction intermediates. Finally, the comparison of the C and N isotope fractionation behavior of enzymatic dioxygenation and MnO2 -catalyzed N atom oxidation of
aniline and diphenylamine enables us to explore the applicability of CSIA for assessing
these two distinct and potentially competing oxidation pathways in the environment.

2.2

Experimental section

A complete list of all chemicals including purities and suppliers can be found in the
Supporting Information (SI).

2.2.1

Biodegradation experiments

Burkholderia sp. JS667 was grown in modified nitrogen-free minimal medium 70 containing diphenylamine (0.5 mM) or aniline (1 mM) as the sole carbon and nitrogen source.
Cultures were incubated at 25 while shaking at 150 rpm. Actively growing cultures
were harvested by centrifugation, washed twice with a sterile BLK medium (27 mM
phosphate buffer (pH 7.2), 0.068 mM CaCl2 , 0.008 mM ferric citrate, and 0.008 mM
MgSO4 ), and then suspended at A600 of 0.17 to 0.25 in fresh mineral medium containing diphenylamine (0.19 mM) or aniline (1 mM). Cultures were incubated as before and
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samples were collected as described previously. 36 Briefly, samples (14 mL) were collected
in a 15 mL serum bottle containing sodium azide (14 µL, 20% azide in H2 O) by filtering
through a sterile aluminum oxide filter (Whatman Anodisc, 0.2 µm, 25 mm) in a stainless steel Swinney filter holder. The serum bottles were sealed with sterile Teflon-lined
silicone septa and then stored at 4 until chemical and isotopic analysis.



2.2.2

Oxidation of diphenylamine in MnO2 -suspensions

MnO2 -particles were synthesized according to the method of Murray 71 by oxidizing
Mn2+ with MnO4– following the procedures described previously. 53 Oxidation of diphenylamine in MnO2 suspensions was performed at room temperature as described recently. 53
Batch reactors with MnO2 -suspensions buffered at pH 7.0 with 10 mM potassium phosphate contained NaCl to yield a total ionic strength of 0.02 M and a PTFE-coated
magnetic stirrer in a total volume of 100 mL. Blanks were set up identically except for
the addition of MnO2 in order to rule out losses of diphenylamine due to phase transfer
processes. The MnO2 concentration was set to 1 mM which resulted in a diphenylamine
degradation of 76-78% within 6 days. The oxidation was initiated with the addition of
methanolic stock solution of diphenylamine yielding initial concentrations of 150 µM.
At predefined time-points, samples were withdrawn with a gas-tight glass syringe and
the reaction was stopped by filtration through a 0.22 µm hydrophilic PTFE-filter. After
filtration, aqueous samples were stored at 4 C in the dark until chemical and isotopic
analysis could be performed.

°

2.2.3

Chemical and isotopic analyses

Aniline and diphenylamine concentrations were measured in aqueous solution by HPLC
and from ethyl acetate extracts by GC/MS. 18,53 Ethyl acetate contained p-nitrotoluene
as internal standard. Measurements by GC/MS were carried out via on-column injection
and extraction efficiency of diphenylamine from buffered aqueous solution (105±11%)
matched previous data for aniline. 54
Stable C and N isotope signatures (δ 13 C, δ 15 N) of aniline and diphenylamine were
measured by GC/IRMS (gas chromatography isotope ratio mass spectrometry) with
a combustion interface using procedures and settings described previously. 53,54,72 Extraction and pre-concentration from aqueous samples containing aniline and diphenylamine was performed by direct-immersion solid-phase microextraction (SPME, 65 µm
PDMS/DVB, Supelco) at 40 C for 45 minutes. Samples were diluted to concentrations

°
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yielding similar peak amplitudes (4-5 V for 13C/ 12C- and 1-2 V for 15N/ 14N-analysis)
to minimize analytical uncertainties due to instrument non-linearity. C and N isotope
signatures are reported as arithmetic mean of triplicate measurements (±1σ) in per mil
( ) relative to Vienna PeeDee Belemnite (δ 13CVPDB ) and air (δ 15Nair ), respectively.
A calibrated in-house standard (aniline) was used to ensure accuracy of the isotopic
measurements. 53,54



2.2.4

Data analysis

Bulk isotope enrichment factors and apparent kinetic isotope effects
Bulk isotope enrichment factors, E , were determined from linear regression of δ 13C- or
δ 15N-values versus the remaining fraction of the reactant as shown in eq. 2.1.

ln

δhE + 1
δ h E0 + 1




= E · ln

c
c0


(2.1)

where δ h E0 and δ h E are the initial isotope signature of element E and the value measured
during the reaction, respectively, and c/c0 is the fraction of remaining reactant. Data
from replicate experiments were combined using the Pitman estimator 73 as shown previously. 54,74 To obtain position specific apparent kinetic isotope effects, AKIE, positionspecific enrichment factors, were calculated with a modified version of eq. 2.1 to correct
for isotopic dilution and multiple reactive sites, neglecting contributions from secondary
isotope effects and assuming that isotope ratios change only at reactive atoms and are
invariant at non-reactive ones. 31 AKIEE -values were calculated according to eq. 2.2
taking into account the number of isotopic atoms of an element E (n), the number of
these atoms at the reactive position (x ) and a correction for intramolecular competition
z, which equals x. 31
AKIEE =

1
1
≈
1 + n/x · z · E
1 + n · E

(2.2)

Two-dimensional isotope fractionation trends were calculated from the linear regression of N and C isotope signatures changes (∆δ 15 N vs. ∆δ 13 C). The slope from this

linear regression corresponds to the ratio of bulk isotope enrichment factors, N C .
Kinetic model
Concentration and N isotope signature trends of diphenylamine and aniline in experiments with diphenylamine as substrate were modeled based on the sequential reaction
17
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scheme in eq. 2.3. Because the initial degradation step of each aminoaromatic compound
is carried out by different enzymes, rates of transformation only included competitive
inhibition among N isotopologues of the same compound (eq. 2.6). The corresponding
differential equations were solved numerically using the software Aquasim. 75

i
i
rdpa
ran
DPAi GGGGGGGA anilinei GGGGGGA catechol

d[DPAi ]
i
= −rdpa
· [DPAi ]
dt
d[anilinei ]
i
i
= +rdpa
[DPAi ] − ran
[anilinei ]
dt
i
vmax,S

rSi =
j
i
1 + [Sj6=i ]/KM,S
[Si ] + KM,S

(2.3)
(2.4)
(2.5)
(2.6)

where [DPAi ] and [anilinei ] are the concentration of 14 N- and 15 N-containing diphenylamine and aniline isotopolgs, rSi is the rate of biotransformation of substrate isotopoi
i
is the Michaelis-Menten
is the maximum reaction velocity, and KM,S
logue Si , vmax,S
constant for the substrate isotopolg Si . From intermolecular isotopic competition, apparent kinetic isotope effects reflect isotope effects on kS /KM,S and 15 N-AKIE-values
associated with diphenylamine and aniline dioxygenation follow from eqs. 2.7 and 2.8. 76

14 N

15

N-AKIEdpa =

15 N
14 N

15

2.2.5

N-AKIEan =

15 N



vmax,dpa KM,dpa


vmax,dpa KM,dpa


vmax,an KM,an


vmax,an KM,an

(2.7)

(2.8)

Computational methods

Theoretical considerations presented herein were made for aniline and diphenylamine
in the neutral and radical cation charge states. The spin and charge densities along
the C–N bond coordinate were used as a means to characterize the C–N bonding in all
species and to identify compound-specific differences that could be correlated with the
apparent 13 C- and 15 N-AKIE-values.
Calculations were made using the Gaussian 09 suite of programs. 77 Density functional
calculations were performed using the unrestricted CAM-B3LYP functional 78 and the
6-311+G(d,p) basis set. The integral equation formalism polarizable continuum model
18
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(IEF-PCM) 79 solvent model was used in all steps of the calculations to account for the
effect of hydration on the physical properties of the systems. The potential energy scans
along the C–N bond coordinate were performed by first optimizing the neutral or radical
species to find the global minimum geometry. Then, the optimized geometry was frozen
while the C–N bond distance was incrementally stepped from 0.80 to 6.05 Angstroms
in 0.15 Angstrom increments. At each step the atom-centered spin and charge densities
were calculated as well as the electronic energies. Two methods of evaluating the spin
and charge densities were employed, the minimum basis set (MBS) method 80 and the
Hirshfeld method. 81 Bond orders were calculated using NBO 5.9. 82

2.3
2.3.1

Results and Discussion
Isotope fractionation associated with the 1,2-dioxygenation of amino- and nitroaromatic compounds

Burkholderia sp. strain JS667 completely degraded aniline and diphenylamine as illustrated in Figure 2.2. Diphenylamine was transformed to catechol (not shown) and
aniline, which was subsequently biodegraded (Figure 2.2b). Transformation of the aniline intermediate was initiated while diphenylamine had not fully disappeared consistent
with the finding that aniline is dioxygenated by a separate enzyme system that does not
compete with the transformation of diphenylamine. 18 C isotope fractionation of both
substrates, aniline and diphenylamine, was small and identical bulk C isotope enrichment factors, C , of –0.6±0.1 (Table 2.1), were observed for both substrates. Nitrogen
isotope enrichment, in contrast, was distinctly different for aniline and diphenylamine.
Aniline became enriched in 14 N isotopologues as the reaction progressed, indicating an
inverse isotope fractionation (Figure 2.2a, N of +13.1 ± 0.5h). In contrast, a normal
isotope fractionation trend was observed for diphenylamine, leading to enrichment in
15
N isotopologues (Figure 2.2b, N of –1.0±0.1h).
The inverse N isotope fractionation observed for aniline as a reaction intermediate
from diphenylamine dioxygenation evolved according to a combined normal N isotope
fractionation associated with aniline formation from diphenylamine and a strong inverse
N isotope fractionation associated with aniline dioxygenation (dotted line in Figure 2.2b
modeled according to eqs. 2.4-2.6). The N isotope fractionation for transient aniline
shown in Figure 2.2b is dominated by the substantial inverse isotope fractionation pertinent to aniline dioxygenation that corresponds to a calculated N -value of +18 ± 1h.
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Figure 2.2: δ 15 N-values and concentrations of aniline and diphenylamine during 1,2dioxygenation by Burkholderia sp. strain JS667. Solid black lines represent trends according
to the N -values derived from eq. 2.1 and shown in Table 2.1, gray lines indicate 95% confidence intervals. Dashed lines are model fits according to eqs. 2.4-2.6. (a) kinetics of aniline
biodegradation and N isotope fractionation vs. fraction of remaining substrate (aniline, c/c0 );
(b) kinetics of diphenylamine oxidation to aniline and further oxidation of aniline as well as N
isotope fractionation of diphenylamine and transiently formed aniline vs. fraction of remaining
substrate (diphenylamine, c/c0 ).
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This result is in good qualitative agreement with experiments in which aniline was the
primary substrate (Table 2.1, Figure 2.2a). The overestimation of aniline N isotope fractionation by 5h might reflect the fact that we neglect contributions of isotope-sensitive
branching from the formation of minor side products such as 2-hydroxydiphenylamine
that has been observed previously. 18 The comparison of aniline N isotope fractionation
data in Figures 2.2a and 2.2b therefore suggests that aniline is dioxygenated via the
same mechanism regardless of whether the compound is present as substrate or reaction
intermediate. In addition, the inverse N isotope fractionation corroborates the above
inference that aniline and diphenylamine dioxygenation are catalyzed by two substratespecific enzymes.
Apparent 13 C- and 15 N-kinetic isotope effects (AKIE), calculated from bulk isotope
enrichment factors using eq. 2.2, are shown in Table 2.1 together with previously determined data for nitrobenzene dioxygenation. 13 C-AKIE-values of 1.0034±0.0006 and
1.0074±0.0015 for aniline and diphenylamine (Table 2.1, entries 1-2), respecitvely, were
comparable to those found for the 2,3-dioxygenation of benzene and toluene, 37,42 but
substantially smaller than the 13 C-AKIE of nitrobenzene (1.0241 ±0.0005, Table 2.1,
entry 3). Apparent 15 N-kinetic isotope effects were also distinctly different for aniline,
diphenylamine, and nitrobenzene (Table 2.1). Dioxygenation of aniline was accompanied
by a substantial inverse N isotope effect (15 N-AKIE of 0.9871±0.0005), whereas those for
diphenylamine and nitrobenzene dioxygenation were small and normal (1.0010±0.0001
and 1.0008±0.0001, respectively). The comparison of 13 C-AKIE and 15 N-AKIE for aniline and diphenylamine with those reported earlier for nitrobenzene reveals that, despite
common regioselectivity of attack in the 1,2-position and spontaneous leaving group departure, no general isotope effect trends exist for the dioxygenation of nitroarenes and
aminoaromatic compounds. Instead, as is outlined in more detail below, the different
AKIEs most likely originate from compound-specific properties such as bonding changes
modulated by interactions of the aromatic substituent - the amine, nitro, and phenylamine group - with the ring atoms during enzymatic dioxygen attack.

2.3.2

Mechanism and isotope effects of aniline dioxygenation

The substantial inverse N isotope fractionation found here for aniline dioxygenation
implies an increased C–N bonding during the rate-limiting step of the reaction. Similar
findings have been made recently for the one-electron oxidation of aniline at the N
atom by MnO2 where an inverse 15 N-AKIE of 0.9960 was found (Table 2.1). 54 N atom
oxidations of substituted N -methyl and N,N -dimethylanilines by MnO2 and horseradish
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Table 2.1: Bulk N and C isotope enrichment factors, N and C , of aniline and diphenylamine, respectively, for the aromatic ring
dioxygenation by JS667 and abiotic N atom oxidation by MnO2 . a

N

(h)

C

–28 ± 5.2

(–)


∆δ 15 N ∆δ 13 C

1.0010 ± 0.0001

0.9871 ± 0.0003

(–)

15 N-AKIE b

1.0241 ± 0.0005

1.0071 ± 0.0012

1.0034 ± 0.0004

(–)

13 C-AKIE c

36

this study

this study

apparent kinetic isotope effects

(h)

–0.6 ± 0.1

1.8 ± 0.5

1.0008 ± 0.0001

bulk compound isotope enrichment

13.1 ± 0.5

–0.6 ± 0.1

1.6 ± 0.1

system

JS667

–1.0 ± 0.1

–3.9 ± 0.1

compound

aniline
JS667

–0.8 ± 0.1

entry

1
diphenylamine
JS765

aniline

MnO2

MnO2

–10.0 ± 0.9

3.6 ± 0.6

–2.3 ± 0.1

–1.1 ± 0.1

4.9 ± 0.1

–2.1 ± 0.3

1.0101 ± 0.0009

0.9960 ± 0.0009

1.0287 ± 0.0016

1.0066 ± 0.0009

this study

54

Source

2
nitrobenzene

Aromatic ring dioxygenation

3

4
diphenylamine

N atom oxidation
5

a Uncertainties correspond to 95%-confidence intervals;
b calculated using eq. 2.2 with x, z, and z of 1;
using eq. 2.2 with n/x=3 and z=2 for aniline and n/x = 3, z=4 for diphenylamine.

c calculated
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peroxidases also show inverse N isotope fractionation. 55 We suggested that the inverse
15
N-AKIE was indicative for the partial imine bond associated with the formation of
an aminium radical cation. The much more inverse N isotope fractionation reported
here for the dioxygenation of aniline by JS667 points to even tighter bonds to N in
imine intermediates or multiple N bonding changes during the initial steps of aniline
biodegradation.
Unfortunately, little is known about the sequence of elementary reaction steps during
1,2-dioxygenation
of
aniline,
their
biochemistry,
and
isotope
18,63,83–86
effects.
To reconcile our experimental findings with the observed regioselectivity, we propose that the dihydroxylation of the aromatic ring, both synchronous and
asynchronous as well as the protonation of the amino group in the 1-amino-1,2-cisdihydrodiol intermediate can contribute as isotope-sensitive steps of aniline biodegradation (Figure 2.3). Asynchronous hydroxylations have been proposed as part of catalytic
mechanisms for dioxygenase-catalyzed reactions but their impact on isotope effects have
only been studied for non-enzymatic systems. 87
Thus, a first, imine-type intermediate (compound 4, Figure 2.3) can be formed if the
electrophilic attack is initiated at the ortho-position. The resulting dearomatization of
the ring and the newly formed C1 =N bond can be responsible for the minor normal C
and more substantial, inverse N isotope fractionation. Assuming that the O-atoms of
both the hydroxyl groups derive from molecular O2 , similar contributions to normal C
and inverse N isotope fractionation can arise from the subsequent addition of the second
hydroxyl group. The latter occurs either in the ipso-position (4 → 5a) or synchronous
dihydroxylation (3 → 5a) leading to the hemiaminal 5a, which, in its imine form 5b, also
results in tighter bonds to N. Protonation of 1-amino-1,2-cis-dihydrodiol (5a) leads to
compound 6, from which ammonia can be eliminated spontaneously or by an additional,
amidotransferase-like protein. 59
As has been shown for the protonation of aromatic and aliphatic amines, proton
exchange reactions at the N atom exhibit inverse 15 N-equilibrium isotope effects. 19,53,88
If the inverse N isotope fractionation during 1,2-dioxygenation is not fully assigned to the
imine bonding in 4 and 5b, the 15 N-AKIE of 0.987 could, in principle, reflect combined
contributions from imine formation and N atom protonation (Figure 2.3, 5a → 6). This
interpretation would be corroborated by the fact that N protonation is a prerequisite
for the non-enzymatic elimination of NH3 and formation of a carbonyl intermediate
leading to catechol (6 → 7 → 8 → 9). This scenario would require the N-protonation
step (reaction 5a → 6) to be fully rate-limiting thus eliminating contributions of imine
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Figure 2.3: Proposed reaction mechanism for the dioxygenation of aniline.

formation (5b) to the inverse 15 N-AKIE after synchronous addition of two hydroxyl
groups in a multi-step process (3 → 5a). Such mechanistic scenarios have been proposed
for the monooxygenation of the cyclic amines nortropine and nicotine, where theoretical
evidence points to rate-limiting N protonation after the OH addition. 89,90 Even though
we cannot fully rule out this possibility for dioxygenation of aromatic amines, we think
that it is less probable. The dearomatization of the aromatic system (3 → 4/5b) is likely
more endergonic than NH3 -elimination from 6. Consequently, the dearomatization has
to be at least partly rate-limiting lending further support to the supposition that the
formation of C1 =N bonds contributes to the isotope-sensitive reaction steps.

2.3.3

Isotope effects pertinent to diphenylamine oxidation

The apparent C and N isotope effects for the 1,2-dioxygenation of diphenylamine differ
from those of aniline in that (a) the diphenylamine 13 C-AKIE (1.0071±0.0012, Table
2.1) is larger than that for aniline (1.0034±0.0004) and (b) the 15 N-AKIE of diphenylamine is small and normal (1.0010±0.0001) but that of aniline is large and inverse
(0.9871±0.0003). Dioxygenation of both compounds, however, proceeds via the same
mechanism but the initial steps of diphenylamine and aniline biodegradation are catalyzed by different enzymes. 18 NH3 -elimination from aniline has been proposed to involve an additional protein 59 whereas it is assumed to be spontaneous in diphenylamine
degradation. Therefore, the discrepancy of AKIE-values might be due to different ratelimiting steps in the reaction sequence up to the first irreversible bond cleavage (3 → 7,
Figure 2.3) or due to compound properties leading to different transition state structures,
especially with regard to C–N bond strengths.
We tested this hypothesis in reference experiments with MnO2 as abiotic oxidant.
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MnO2 has been shown to react with substituted aromatic N -alkyl
amines 4,20,54 and a comparison of diphenylamine and aniline isotope fractionation in
this system provides further evidence for the discrepancy of AKIE-values. Indeed,
compound-specific differences in isotope fractionation were also observed in the reference experiments with MnO2 . Normal 13 C- and 15 N-AKIEs of diphenylamine oxidation
by MnO2 shown in Table 2.1 agree qualitatively with what was found in suspensions
containing Burkholderia sp. Strain JS667 but, as is often observed, isotope effects
are larger in the abiotic oxidation. The 15 N-AKIE of 1.0101±0.0009 and 13 C-AKIE of
1.0287±0.0016 imply a loosening of C–C and C–N bonds after one-electron oxidation
contrasting the inverse 15 N-AKIE of aniline. This result confirms that isotope effects
from diphenylamine oxidation can deviate from those for oxidation of aniline despite the
same reaction mechanisms. However, the results are in contrast to previous observations for the MnO2 -catalyzed oxidation of substituted anilines, and aromatic N -methyl
amines, where 15 N-AKIE-values were always inverse 54,55 due to the partial imine formation after one-electron oxidation at the N atom. Apparently, oxidation of a diarylamine
system leads to C- and N-bonding changes that differ from those in (substituted) aniline(s), regardless of whether the oxidation occurs enzymatically or by mineral-catalyzed
electron transfer.

2.3.4

Theoretical analysis of C–N bonding in aniline and diphenylamine

We explored the differences of C–N bonding in aniline and diphenylamine and their oneelectron oxidation products from the N atom oxidation pathway using density functional
calculations of bond length and bond orders as well as charge and spin densities along
the C–N bond coordinate. The results of these calculations indicate that the difference
seen for the 15 N-AKIE-values is mirrored by distinct differences in the nature of the C–N
bonds for aniline and diphenylamine.
The calculated C–N bond parameters shown in Table 2.2 provide an indication of the
differences between the neutral and radical cation species of aniline and diphenylamine,
respectively. For both aniline and diphenylamine, the loss of an electron both contracts
the C–N bond and increases the bond order. This is consistent with resonance theory
arguments in that the C–N bond of the aniline and diphenylamine radical cations exhibit
larger C=N character due to the stabilization of the double bond for the electron poor
N atom. The C–N bond order for aniline (1.093) suggests that it is a single bond with
some low-weight resonance forms of C=N character in contrast to aniline•+ , where the
25
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bond order (1.501) is that of a balanced single/double bond tautomer. This significant
increase in C–N bond order in the radical cation is in agreement with the observed,
inverse 15 N-AKIE.

Table 2.2: Table of C–N bond lengths and bond orders for oxidation of aniline and
diphenylamine to the corresponding radical cations.

entry
1
2
3
4
a
b

compound
aniline
aniline•+
diphenylamine
diphenylamine•+

RC−N
1.374
1.321
1.395
1.375

a

∆

–0.053
–0.020

C–N bond order
1.093
1.501
1.052
1.366

b

∆

0.408
0.304

in Å, bond lengths from ucam-b3lyp/6-311+G(d,p) calculations.
Natural bond orders calculated with NBO 5.9 82,91

The diphenylamine/diphenylamine•+ system shows a similar effect, but it is somewhat damped (bond orders of 1.052 and 1.366, respectively). While the C=N resonance
form will be greatly stabilized in diphenylamine•+ relative to diphenylamine, the available C–N bonds are doubly degenerate, which delocalizes the bonding electrons and
lowers the overall effect on a given, single C–N bond. The bond order of 1.366 approaches the value that could be expected from extrapolating the aniline bond order
(1.501) to account for the degeneracy due to resonance forms in the diphenylamine
radical cation (1.25). The discrepancy, or excess bond order, of 0.111 (1.366 – 1.25)
indicates that resonance stabilization is not the sole factor accounting for the differences
in both calculated bond orders and experimentally observed 15 N-AKIE values. Furthermore, although the apparent changes in C–N bond are smaller than those observed for
aniline•+ , the increase of C=N bonding character in diphenylamine•+ contradicts the
observed normal 15 N-AKIE and implies that other factors than the increase in the bond
strength have contributed to N isotope fractionation.
Indeed, charge and spin density of the C–N bond in aniline and diphenylamine and
the corresponding radical cations evolve differently as the bond is stretched and finally
broken (Figures S2.2 and S2.3). As outlined in detail in the SI, stretching of the C–N
bond in aniline and aniline•+ leads to C6 H5 - and NH2 -fragments indicative of heterolytic
bond cleavage. In the diphenylamine system, the same procedure leads to a homolytic
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bond cleavage in a very different manner. This computational analysis reveals that the
added resonance and delocalization effects of the phenyl ring in diphenylamine lead to
spin and charge features at the N atom that differ from those in aniline and supports
the contrasting experimental 15 N-AKIE-values. However, more comprehensive computations including position-specific kinetic isotope effects are required to obtain more
conclusive evidence for the structural factors that cause isotope fractionation patterns
of these two compounds to be so different.

2.3.5

Implications for multi-element isotope fractionation analysis of aniline and diphenylamine

Biodegradation of aminoaromatic compounds at contaminated sites such as aniline production facilities or former explosives manufacturing sites 16,92 is difficult to assess. Aniline, for example, may not only be present as primary contaminant but also as product of
nitrobenzene reduction or diphenylamine oxidation. 93,94 Moreover, a concentration decrease measured in the field is likely caused by biotic/abiotic transformation 20,21,63,95,96
and/or sorption to solids and addition to humic matter 97–99 and, thus, challenging to
interpret.
Evaluation of the combined C and N isotope fractionation trends by CSIA reported
here can make a contribution to an improved degradation assessment of aniline and
diphenylamine in oxic soils and groundwaters. Figure 2.4 illustrates the C and N iso
tope signature trends as ∆δ 15 N ∆δ 13 C for aniline and diphenylamine biodegradation
vs their MnO2 -catalyzed oxidation. Such trends in multi-element isotope fractionation

analyses, which are equivalent to the ratio of isotope enrichment factors (N C ), reflect isotope effects of multiple elements at the reactive position and are indicative of
the mechanisms of transformation. 31,44,45 Enzymatic 1,2-dioxygenation of aniline is accompanied by a more substantial, inverse N isotope fractionation than its oxidation by

MnO2 and the ∆δ 15 N ∆δ 13 C-value is more negative for the biotic process (–28±5.2
vs. –2.1±0.3, Table 2.1). Therefore, biotic dioxygenation and abiotic N atom oxidation
could, in principle, be distinguished based on the C and N isotope fractionation of aniline. The same interpretation can be made for diphenylamine but the small difference

of ∆δ 15 N ∆δ 13 C-trends (1.8±0.5 vs. 4.9±0.1, Table 2.1) might not be discerned under
field conditions. The enrichment factors determined in this study furthermore should
enable an assessment of the fraction of degraded contaminant, even if both oxidation
processes take place in parallel. 100 In this case, C and N isotope fractionation of the
aminoaromatic compounds will evolve as linear combination of the two oxidation pro27
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Figure 2.4: C and N isotope fractionation trends for the oxidation of aniline and diphenylamine by Burkholderia sp. strain JS667 and MnO2 . Solid black and grey lines indicate
the correlation of ∆δ 15 N ∆δ 13 C and 95% confidence intervals, respectively. See Table 2.1 for
slopes. The dashed lines stand for the isotope enrichment
 13 of aniline from reduction of nitroben15
zene and oxidation of diphenylamine with ∆δ N ∆δ C of +50 and +1.8, respectively. 36,49


cesses and the observable ∆δ 15 N ∆δ 13 C-slopes would fall between those delineated by
the biotic and abiotic processes, respectively.
More complex situations might be encountered, however, if aniline is produced in
the subsurface. Aniline can be formed from the microbial and/or abiotic reduction of
nitrobenzene under anoxic conditions 93,94 and subsequently transported into oxic zones.
There, aniline can also originate from the biodegradation of diphenylamine. 16,18 The C
and N isotope signatures of aniline formed by NO2 -group reduction evolve according to

∆δ 15 N ∆δ 13 C-slopes of +50 reflecting the substantial 15 N enrichment reported previously for the reduction of substituted nitroaromatic compounds to the corresponding
aromatic amines (N of up to −46h). 49–51,101 This trend could thus counterbalance the
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15

N depletion from oxidative processes whereas the 13 C-enrichment from aniline formation and biodegradation would be slightly amplified. The formation of aniline from
diphenylamine dioxygenation, in contrast, would lead to C and N isotope signatures

changing along a ∆δ 15 N ∆δ 13 C-slope of +1.8. Diphenylamine dioxygenation is associated with moderate isotope enrichment (see trends in Figure 2.2 and -values in Table
2.1) and one would not expect a large shift of isotope signatures in aniline. However,

the extent to which the ∆δ 15 N ∆δ 13 C-slope of aniline will be determined by formation
and degradation process in the field not only depends on the magnitude of their isotope
signature shifts but also on their relative reaction rates. For a more quantitative evaluation of aniline C and N isotope signatures in future work, reactive transport models
thus need to include information about the rates of aniline formation, transport, and
biodegradation in anoxic and oxic zones of the subsurface.
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S2.1

Chemicals

Diphenylamine (98%) and aniline (99.5%) from Fluka (Buchs SG, Switzerland) were used
as received. Stock solutions and calibration standards were prepared in methanol (HPLC
grade, Acros Organics, Geel, Belgium) and ethyl acetate (99.5%, Fluka). Additionally,
sodium chloride (99.5%, Fluka), potassium phosphate (KH2 PO4 , 99%, Sigma, Buchs SG,
Switzerland), sodium permanganate monohydrate (NaMnO4 ·H2 O, 97%, Sigma-Aldrich),
and manganese(II)-chloride tetrahydrate (MnCl2 ·4H2 O, analysis purity, Merck, Dietikon,
Switzerland) were used. Aqueous solutions were prepared with nanopure water (18.2
MΩ·cm, Barnstead NANOpure Diamond Water Purification System) and pH adjustment of buffered solutions was done using hydrochloric acid (32%, impureness: 0.0001%,
Fluka) and sodium hydroxide (32%, impureness: 0.0001%, Merck). The carrier gas for
GC and GC/IRMS analysis was helium (He) and GC/IRMS-measurements required N2
and CO2 as reference gases as well as O2 and synthetic air (20 ± 1% O2 in N2 ). All
gases were from Carbagas (Rümlang, Switzerland) and of 99.999% purity.

S2.2

Benchmarking Density Functional Theory Computations

The problem of inaccurate cation radical potential energy surfaces has been previously
described by Bally and Sastry 102 for the simple radical cation systems H2 •+ and He2 •+ .
In this work it is shown that the potential energy surfaces obtained with DFT methods
often display innacuracies at bond lengths far from equilibrium. In addition, the bond
lengths calculated with several functionals showed significant error. However, our tests
have shown that our theoretical treatment of these small radical cations produces potential energy curves, bond lengths, and fundamental frequencies that match well with the
experimental values (Figure S2.1). We thoroughly benchmarked our method against the
“correct” potential energy surface and bond parameters used in the work of Bally and
Sastry. 102 We found that our ucam-b3lyp/6-311+G(d,p)/IEFPCM surfaces matched up
very well with the published values. Initially, this improvement over Bally and Sastry’s
results was attributed to the addition of the CAM long-range correction factor to our
functional. However, further testing revealed that for gas-phase calculations the ucamb3lyp produced inaccurate potential surfaces quite similar to those seen by Bally and
Sastry using b3lyp. Therefore, it has been determined that the IEFPCM solvent model
is somehow correcting the errors inherent in DFT calculations of this type. The nature
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of this IEFPCM effect is not known, but it is a topic worthy of further analysis. Given
that our model chemistry provides realistic dissociation behavior and spin localization
on the fragments for both the diatomics studied by Bally and Sastry 102 and our aniline
and diphenylamine systems, we are confident that our results are accurate enough to
aid in the interpretation of the experimental results.
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Figure S2.1: Potential energy curves for H2 •+ and He2 •+ calculated at the ucam-b3lyp/6311+G(d,p) level of theory (IEFPCM). Experimental values (in parenthesis) are taken from
NIST. 103 Note that the calculated results employ a solvent model and the experimental results
are gas phase values.
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S2.3

Density Functional Theory Computations
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Figure S2.2: Mulliken minimum basis set (MBS) charge and spin densities for each of the
four molecules under study. The plots represent the densities as they are partitioned onto the
two fragments created by the breaking of the C–N bond. Note: neutral molecule spin densities
are not presented because of inherent difficulties properly representing closed shell biradicals
at bond lengths close to Re .
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Figure S2.3: Hirshfeld charge and spin densities for each of the four molecules under study.
The plots represent the densities as they are partitioned onto the two fragments created by the
breaking of the C–N bond. Note: neutral molecule spin densities are not presented because of
inherent difficulties properly representing closed shell biradicals at bond lengths close to Re .
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Isotope Effects of Enzymatic
Dioxygenation of Nitrobenzene and
2-Nitrotoluene by Nitrobenzene
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Abstract
Oxygenation of aromatic rings is a frequent initial step in the biodegradation of persistent contaminants and the accompanying isotope fractionation is increasingly used
to assess the extent of transformation in the environment. Here, we systematically
investigated the dioxygenation of two nitroaromatic compounds (nitrobenzene and 2nitrotoluene) by nitrobenzene dioxygenase (NBDO) to obtain insights into the factors
governing its C, H, and N isotope fractionation. Experiments were carried out at different levels of biological complexity from whole bacterial cells to pure enzyme. C, H,
and N isotope enrichment factors and kinetic isotope effects (KIEs) were derived from
the compound-specific isotope analysis of nitroarenes whereas C isotope fractionation
was also quantified in the oxygenated reaction products. Dioxygenation of nitrobenzene
to catechol and 2-nitrotoluene to 3-methylcatechol showed large C isotope enrichment
factors, C , of −4.1 ± 0.2h and −2.5 ± 0.2h, respectively, and was observed consistently in the substrates and dioxygenation products. H - and N -values for nitrobenzene
dioxygenation were small, that is −5.7 ± 1.3h and −1.0 ± 0.3h, respectively. C isotope fractionation was also identical in experiments with whole bacterial cells and pure
enzymes. The corresponding 13 C-KIEs for the dioxygenation of nitrobenzene and 2nitrotoluene were 1.025 ± 0.001 and 1.018 ± 0.001 and suggest a moderate substrate
specificity. Our study illustrates that dioxygenation of nitroaromatic contaminants exhibits a large C isotope fractionation, which is not masked by substrate transport and
uptake processes and larger than dioxygenation of other aromatic hydrocarbons.
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3.1

Introduction

Oxidation of aromatic rings is a frequent initial step of the biodegradation of many nitroaromatic soil and water contaminants at munition disposal sites and abandoned military production facilities. 17,104,105 The extent of oxidative biodegradation is, however,
difficult to quantify owing to the partitioning of nitroaromatic compounds (NACs) into
different aqueous and solid phases as well as competing biological and abiotic transformation pathways. New approaches based on compound-specific stable isotope analysis
(CSIA) are currently explored to assess (bio)degradation based on changes of C, H, and
N isotope ratios in the residual contaminants. 34,36,49–51,101,106–108 An important prerequisite for successful CSIA is the reliable quantification of compound-specific isotope enrichment factors () that reflect isotope fractionation trends of different (bio)transformation
pathways. 45,46,48 Unfortunately, dioxygenation reactions that initiate the biodegradation
of NACs and many other recalcitrant aromatic pollutants 13 display a variability of C
isotope fractionation behavior that is not yet understood. For example, nitrobenzene
and 2,4-dinitrotoluene are both transformed along the same mechanism to (substituted)
catechols. But the corresponding C isotope enrichment factors, C , for this dioxygenation reaction differ by a factor of eight. 34,36 Similar discrepancies have been observed
for isotope fractionation associated with the dioxygenation of other aromatic pollutants. 35,37,38,42,109 Our lacking understanding of the factors that determine contaminant
isotope fractionation make it difficult to apply CSIA for monitoring contaminant attenuation processes more widely.
Enzymatic dioxygenations indeed exhibit complex reaction mechanisms and kinet12,57,65
ics,
which make it difficult to rationalize isotope enrichment factors as kinetic
isotope effects (KIEs) for the involved C–C and C–H bonds. 110 Dioxygenation of NACs
by nitroarene dioxygenases is a regioselective ipso-attack at the 1,2-position leading to
cis-dihydrodiol intermediates (compound 1 in Figure 3.1). 58,111 The reaction is followed
by a spontaneous elimination of NO2– leading to substituted catechols. The magnitude of the KIEs responsible for substrate isotope fractionation will depend on whether
dioxygen addition occurs concerted or stepwise. Moreover, other steps of the catalytic
cycle such as substrate binding through H-bonds with the aromatic NO2 group, 58 generation of reactive Fe–O species, 57,112 and product release can additionally modulate the
observable isotope fractionation.
Finally, the known nitroarene dioxygenases show distinct substrate-specificities. Substituted nitrobenzenes such as nitro- and dinitrotoluene isomers are transformed not only
by dioxygenation to methyl catechols but also by CH3 -group oxidation to nitrobenzyl
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Figure 3.1: Oxidation reaction catalyzed by nitroarene dioxygenases. Upper pathways:
dioxygenation via substituted cis-dihydrodiol (compound 1) to a substituted catechol. Lower
pathway: CH3 -group oxidation to a nitrobenzyl alcohol.

alcohols (Figure 3.1). 111,113,114 Consequently, isotope fractionation detected in those substrates no longer reflects the KIE for dioxygenation alone but is instead the weighted
average of the KIEs of the two reaction pathways. 115,116 It is currently unclear whether
the KIEs of the two oxidation pathways are identical to the ones from enzymatic transformation along a single reaction pathway. For example, the rate determining reaction
step associated with the oxidation of a CH3 -group of nitrotoluenes may be a different
one if dioxygenation occurs as a competing reaction or not.
The goal of this work was to explore the factors governing the isotope fractionation
of nitroaromatic contaminants for oxidations by nitroarene dioxygenases. Specifically,
we aimed at (i) identifying the apparent 13 C-, 2 H-, and 15 N-KIEs associated with the
dioxygenation of nitrobenzene. This work was conducted at different levels of biological complexity ranging from whole bacterial cells to pure enzymes, i.e., nitrobenzene
dioxygenase (NBDO), to evaluate contributions of transport processes to measured isotope fractionations. (ii) Using 2-nitrotoluene as alternative substrate, we investigated
the effects of substrate specificity on KIEs for dioxygenation and CH3 -group oxidation
by NBDO. To this end, we examined the oxidative transformation of NACs with an
E. coli clone expressing NBDO, 111,117 crude cell extracts of this strain, as well as the
purified enzyme. Pathway specific KIEs for nitroarene dioxygenation and CH3 -group
oxidation were derived from a systematic comparison of substrate and product isotope
fractionation. The latter was made possible thanks to a novel analytical approach for
measurement of C isotope signatures, δ 13 C, of polar organic compounds such as substituted catechols and nitrobenzyl alcohols by coupling liquid chromatography with isotope
ratio mass spectrometry (LC/IRMS).
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3.2

Experimental section

All chemicals used in this study as well as procedures for purification of NBDO components can be found in the Supporting Information (SI).

3.2.1

Bacterial strains and growth conditions

Escherichia coli DH5α(pJPK13::Fd) 118 and BL21(DE3)(pDTG871) 117 were used for
purification of the ferredoxin and reductase components of NBDO, respectively (see
SI for details). Escherichia coli VJS415(pK19::927), 118 which carries the ntdAaAbAcAd
genes from Comamonas sp. strain JS765, 111 was used for biotransformation experiments
and for the purification of the terminal oxygenase component of NBDO. Cultures of
VJS415(pK19::927) were grown at 37 C with shaking in LB (5 g L−1 yeast extract, 10
g L−1 tryptone, 5 g L−1 NaCl) containing 100 µg mL−1 kanamycin sulfate. At late
log-phase (OD600 between 3 and 4) cells were harvested by centrifugation at 20,000 g
for 20 min.

°

3.2.2

Experiments with E. coli clones

Cells from cultures of VJS415(pK19::927) were washed and resuspended in phosphate
buffer (40 mM KH2 PO4 , pH 7.0) to final cell dry weights of 7-9 mg mL−1 . For degradation experiments, cell suspensions of 200 mL were incubated at 30 C with shaking (220
rpm) in 240 mL serum flasks with viton rubber stoppers. Reactions were initiated by
adding stock solution of nitrobenzene or 2-nitrotoluene (1 M in methanol) yielding initial substrate concentrations of 0.5 or 1.0 mM. Samples were withdrawn at pre-defined
time-points with a glass syringe and cells were removed by centrifugation. Supernatants
were stored at 4 C until chemical analysis. For LC-IRMS analysis, experiments were
repeated under the same conditions using smaller volumes (20 mL cell suspension in 25
mL flasks) and samples were analyzed immediately.

°

°

3.2.3

Experiments with crude cell extract

Cells from cultures of VJS415(pK19::927) were washed with phosphate buffer (40 mM
KH2 PO4 , pH 7.0) and resuspended with 1 mL of this buffer per gram cell paste. These
cell suspensions were either used immediately or stored at −20 C. Adequate volumes
of fresh or thawed suspensions were sonicated on ice for 5 × 2 min with 0.5 s pulses
of 60 Watt (120 pulses per cycle). Sonicated suspensions were centrifuged at 20,000 g

°
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°

for 10 min at 4 C. The supernatant was diluted with phosphate buffer to final protein
concentrations of 2-4 mg mL−1 as determined with the method of Bradford 119 using
bovine serum albumin as standard. For degradation experiments, 100-120 mL of diluted
cell extract were transferred into 240 mL serum flasks sealed with viton stoppers, spiked
with 2 mM NADH (0.1 M in 0.01 M NaOH) and 1 mM substrate (1 M in MeOH),
and incubated at room temperature with slight stirring. At pre-defined time-points,
samples were withdrawn with a glass syringe, mixed with 1.5 M HCl (final pH < 4),
and centrifuged to remove precipitated proteins.

3.2.4

Experiments with purified NBDO

The three enzyme components of NBDO were purified using methods adapted from Parales et al. 117 and stored at −80 C. A detailed description of the procedures can be found
in the SI. Different degrees of substrate conversion were obtained by adding different
amounts of NADH to separate reactors. A similar procedure was established previously
for isotopic analysis of fast reactions. 50 Purified oxygenase, ferredoxin, and reductase
were mixed in MES buffer (50 mM, pH 7.0) containing 0.1 mM (NH4 )2 Fe(SO4 )2 . Final
concentrations of oxygenase, ferredoxin, and reductase were 0.3 µM, 3.6 µM, and 0.3
µM, respectively, which was adapted from previous studies. 111,117 For each reactor, 5
mL of this solution was added to 10 mL serum flasks capped with viton rubber stoppers
and spiked with 50 mM nitrobenzene in MES (final concentration 200 µM) and 0.1 M
NADH (in 0.01 M NaOH, final concentration 0-980 µM). Reactors were incubated at
30 C with shaking (100 rpm) for 30 minutes. Chemical analysis was performed without
further treatment of the samples.

°

°

3.2.5

Quantification of substrates and products

Quantification of NAC and hydroxylated product concentrations was performed by
reversed-phase HPLC using a Supelcosil LC-18 (50×4.6 mm, 5 µm, Supelco) or Xbridge
BEH C18 column (50 × 3 mm, 2.5 µm, Waters) and UV-vis detection at wavelengths of
maximal absorption with an external calibration. Samples of 10 µL were injected from an
autosampler cooled to 10 C. For separation of nitrobenzene and catechol, isocratic mixtures of phosphate buffer (10 mM KH2 PO4 , pH 2.5) and MeOH (50/50 or 80/20 vol %)
we used at flow rates of 1.0 or 0.5 mL min−1 . We developed two methods for simultaneous quantification of 2-nitrotoluene, 3-methylcatechol, and 2-nitrobenzyl alcohol: (i) The
Supelcosil column was used with an isocratic mixture of buffer/isopropanol/acetonitril

°
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(75/20/5 vol %) at 1 mL min−1 or (ii) the Xbridge column was run in a high-temperature
HPLC 200 column oven (Scientific Instrument Manufacturer) with a temperature program (10 min at 70 C, 30 C min−1 , 12 min at 160 C) and 100% phosphate buffer (10
mM KH2 PO4 , pH 2.5) at 0.5 mL min−1 .
Nitrite formation during transformation experiments was measured with a photometric method. 120 Aqueous samples of 50 µL were mixed with 400 µL sulfanilamide (10
mg mL−1 in 1.5 M HCl) and 400 µL N -(1-naphthyl)ethylene diamine (1 mg mL−1 in
1.5 M HCl). Absorption at 540 nm was measured after 2 min and quantified with an
external calibration row of NaNO2 .

°

3.2.6

°

°

Isotopic analysis of substrates and products

C, H, and N isotope signatures (δ 13 C, δ 2 H, δ 15 N) of nitrobenzene and 2-nitrotoluene
were measured by gas chromatography coupled to isotope ratio mass spectrometry
(GC/IRMS) using a combustion interface equipped with a Ni/Pt reactor as reported
previously. 53,72,121 Aqueous samples were filtered and diluted to concentrations that corresponded to peak amplitudes between 1 and 3 V. Direct-immersion solid-phase microextraction (SPME, 65 µm PDMS/DVB or 85 µm polyacrylate coating, Supelco) was
used for extraction and preconcentration at 40 C for 45 min. 72 Isotope signatures are
reported as arithmetic means of triplicate measurements in per mil ( ) relative to Vienna PeeDee Belemnite (δ 13 CVPDB ), Vienna Standard Mean Ocean Water (δ 2 HVSMOW ),
and air (δ 15 Nair ), respectively, using a suite of calibrated reference materials. 122,123 All
compounds were available as in-house standards of known isotope signatures and were
used in standard bracketing procedures to ensure accuracy of isotopic measurements. 53
δ 13 C analysis of the non-volatile, polar oxidation products catechol, 3-methyl-catechol,
and 2-nitrobenzyl alcohol, as well as nitrobenzene was carried out by liquid chromatography coupled to isotope ratio mass spectrometry (LC/IRMS) 124,125 using a Dionex
UltiMate 3000 System coupled to a Delta V Plus IRMS (Thermo Scientific). Samples
and standards were cooled to 10 C and injection volumes were adjusted to give constant peak amplitudes (1-3 V). Phosphate buffer (10 mM KH2 PO4 , pH 2.5) was used
as eluent at 0.5 mL min−1 with an XBridge C18 column (2.5 µm, 3x50 mm, Waters)
in a high-temperature HPLC 200 column oven (Scientific Instrument Manufacturer).
Different temperature programs were used for separation of nitrobenzene and catechol
(5 min at 30 C, 30 C min−1 , 12 min at 120 C) or 2-nitrotoluene, 3-methylcatechol, and
2-nitrobenzyl alcohol (10 min at 70 C, 30 C min−1 , 12 min at 160 C). Column bleeding
of Xbridge C18 up to 180 C had no influence on the precision and accuracy of isotope

°
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ratio measurements. 125 Analytes were converted to CO2 in a wet oxidation interface
(Finnigan LC IsoLink, Thermo Scientific) by mixing 30 µL min−1 of 1.5 M phosphoric
acid and 30 µL min−1 of 0.38 M sodium persulfate with the outflow of the column in a
reactor heated to 100 C. Three to six injections were made from the same vial. Method
quantification limits (MQLs) were determined using a moving mean approach described
previously 126 and amounted to 9.0 nmol of injected carbon for catechol, 10 nmol C for
2-nitrobenzyl alcohol, 11 nmol C for 3-methylcatechol, 18 nmol C for nitrobenzene, and
21 nmol C for 2-nitrotoluene.

°

3.2.7

Data evaluation

Isotope enrichment factors, , and apparent kinetic isotope effects, AKIEs, for the different reaction pathways were derived from substrate and product isotope fractionation
or a combination thereof in three different approaches.
Substrate C, H, and N isotope signatures
Isotope enrichment factors (E ) were derived based on a linear regression of substrate C,
H, and N isotope signatures (δ 13 C, δ 2 H, δ 15 N) vs the fraction of the remaining substrate,
f (= c/c0 ), as shown in eq. 3.1.

ln

δhE + 1
δ h E0 + 1


= E · ln (f )

(3.1)

where δ h E0 and δ h E are the initial isotope signature of element E and the value measured
during the reaction, respectively. Data from replicate experiments were combined using
the Pitman estimator. 73 Two-dimensional isotope fractionation trends were evaluated
with a linear regression of H and C isotope signatures (δ 2 H vs. δ 13 C). The slope from
this linear regression, ΛH/C , corresponds approximately to the ratio of bulk isotope

enrichment factors (H C ) in cases where the shift of H isotope signatures is small. 107
We determined apparent kinetic isotope effects, AKIEE , from substrate isotope signatures using two different procedures which both neglect contributions from secondary
isotope effects. (1) Numerical modeling of nitrobenzene C isotope fractionation with
eqs. 3.2-3.5 was based on an approach of Wijker et al., 107 which explicitly included
seven isotopomers, i, that contain either only 12 C or one 13 C (see compilation of isotopomers in Table S3.1). The model was used separately to calculate isotope effects for
the dioxygenation of nitrobenzene through either a concerted or a step-wise formation of
the two C–O bonds (Table S3.1). Differential equations were implemented in Aquasim
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as shown recently 107,109 to fit the trends of measured C isotope signatures, δ 13 C(t), and
substrate concentrations, ctot (t), over the time course of the reaction. ctot (t) is the sum
of the concentrations of all isotopomers and δ 13 C(t) was calculated from the ratio of 13 C
to 12 C atoms in all isotopomers at time t, (13 C/12 C)t . 13 C-AKIE-values follow from the
ratio of isotopic reaction rate constants (eq. 3.6).

dci
13
13
12
12
= −γi C · C k · ci − γi C · C k · ci
dt
X
ctot (t) =
ci

(3.2)
(3.3)

i
13

( C/12 C)t
−1
(13 C/12 C)ref
P 13 C
mi · ci
13
12
( C/ C)t = Pi 12
C
· ci
i mi
δ 13 C(t) =

12 C

13

C − AKIE =

13 C

(3.4)
(3.5)

k
k

(3.6)
13

12

where ci is the concentration of isotopomer i, γi C and γi C are the probabilities that
13
12
isotopomer i reacts at a position that contains 13 C or 12 C (Table S3.1). C k and C k
are the pseudo first-order rate constant for reactions at a 13 C- or 12 C-containing posi13
12
tion, respectively. mi C and mi C correspond to the number of 13 C and 12 C atoms in
isotopomer i.
(2) 13 C-, 2 H-, and 15 N-AKIEs were also derived from E -values with eq. 3.7 based on
assumptions for the reaction mechanism. 31
AKIEE ≈

1
1 + n/x · z · E

(3.7)

where n is the number of atoms of element E (C, H, or N), x is the number of these atoms
at the reactive position, and z is a correction for intramolecular isotopic competition.
Values of x and z for 13 C-AKIE for different dioxygenation scenarios were set based on
the outcome of the isotopomer-specific, numerical model.
Product carbon isotope signatures
Pathway-specific C isotope enrichment factors, jC , were obtained from product δ 13 Cvalues using two procedures adapted from previous studies 49,76,127 as is demonstrated in
eqs. 3.8-3.9 and eq. 3.10, respectively.
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bulk
 1 − f (C +1)
δ 13 CP, j + 1
13
= 1 + Dj (δ C)
δ 13 C0 + 1
1−f

jC = Dj (δ 13 C) + bulk
C

(3.8)
(3.9)

where δ 13 CP, j is the measured isotope signature of a product of reaction j, δ 13 C0 is the
initial isotope signature of the substrate, f is the fraction of remaining substrate, and
bulk
is the C isotope enrichment factor reflecting the combined isotope fractionation of
C
all reaction pathways. Dj (δ 13 C) is the deviation of a particular product isotope signature from the weighted average of all products. For experiments with nitrobenzene as
substrate, Dj (δ 13 C) is zero because catechol is formed as sole C-containing product. The
C isotope enrichment for dioxygenation then corresponds to bulk
C , which is inserted into
eq. 3.7 to derive the corresponding 13 C-AKIE. For the simultaneous dioxygenation and
CH3 -group oxidation of 2-nitrotoluene, jC -values were obtained from three consecutive
fits of eq. 3.8. First, bulk
was obtained from a fit of averaged product isotope signatures
C
(weighted by the concentrations of each product species) as δ 13 CP, j with Dj (δ 13 C) equal
to zero. Subsequently, Dj (δ 13 C) was estimated for each of the two pathways from a fit
of the product isotope signatures of either 3-methylcatechol and 2-nitrobenzyl alcohol,
δ 13 CP, j , according to eq. 3.8 with bulk
and δ 13 C0 as constant parameters.
C
In addition to the above procedure, jC -values were calculated from δ 13 Cj -values
measured at low substrate conversion (f → 0) as demonstrated in eq. 3.10. Note that C
isotope signatures measured for small product concentrations are associated with larger
uncertainties in δ 13 Cj and thus also in jC .
jC ≈

δ 13 Cj + 1
−1
δ 13 C0 + 1

(3.10)

Combined substrate and product data evaluation
Concentrations and C isotope signatures of NACs and their organic oxidation products
were fit to a set of differential equations as shown in eq. 3.11. Unlike in the isotopomerspecific model, we included only one 12 C- and one 13 C-isotopologue of each substrate
and product. We derived pathways-specific C isotope enrichment factors, jC , for dioxygenation and CH3 -group oxidation, respectively, from the ratio of product formation
rate constants as demonstrated in eq. 3.12.
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dcκ X
=
ν · kj · cκ
dt
j
jC

13 C

=

12 C

kj
−1
kj

(3.11)

(3.12)

where cκ is the concentration of the substrate and product C isotopologues, ν is a
stoichiometric coefficient, and kj is the rate of product formation from pathway j for
each C isotopologue.

3.3
3.3.1

Results and Discussion
Isotope fractionation associated with the dioxygenation
of nitrobenzene by E. coli clones expressing nitrobenzene
dioxygenase (NBDO)

Nitrobenzene dioxygenation was studied in experiments with whole cells of an E. coli
clone expressing NBDO. The concentration trends of substrate and products (i.e., catechol and nitrite) of a typical experiment are illustrated in Figure 3.2a. As is shown
in Figure 3.1 and has been observed previously, 30,111 the dioxygenation of nitrobenzene
resulted in a stoichiometric formation of catechol and nitrite. In our experiments nitrite
formation generally accounted for 90% of initial substrate concentration after complete
disappearance of nitrobenzene. The remaining nitrobenzene was lost due to adsorption
to cells as confirmed by control experiments with autoclaved E. coli clones (Figure S3.2)
as well as non-specific reduction by native E. coli enzymes resulting in the formation of
minor amounts of aniline (< 10% of initial substrate concentration). As will be shown
below, the latter side reaction did not affect the interpretation of C isotope fractionation.
Equal amounts of nitrite and catechol were only formed at initial stages of nitrobenzene
dioxygenation. The difference after more than one hour of reaction time was likely due
to oxidation of catechol to 1,2-benzoquinone as evidenced from a red color of the reaction solution.
Carbon isotope signatures, δ 13 C, of nitrobenzene and catechol during incubation of
nitrobenzene with E. coli clones followed a trend according to a normal isotope fractionation implying that light isotopologues reacted faster then heavy isotopologues. Thus,
13
C preferentially accumulated in the remaining nitrobenzene, whereas the 13 C content
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of the formed catechol was initially depleted (Figure 3.2b). The final δ 13 C of catechol
was equal to the initial δ 13 C0 of nitrobenzene which indicates that the isotopic mass balance was complete and that nitrobenzene losses due to adsorption or reduction did not
affect C isotope fractionation. We validated the different evaluation and measurement
methods used in this study for the quantification of isotope fractionation (see section
3.2.7) with data from nitrobenzene dioxygenation experiments with E. coli clones. The
C isotope enrichment factors, C , for nitrobenzene dioxygenation determined from substrate isotope fractionation (eq. 3.1) by GC/IRMS and LC/IRMS were identical and
amounted to −3.3 ± 0.5h (entry 1, Table 3.1) and −3.3 ± 0.2h, respectively. C -values
determined from the δ 13 C of catechol at low fractional conversion (eq. 3.10) or during
the entire reaction (eq. 3.8) were −3.6 ± 0.6h and −4.5 ± 0.1h, respectively (entries
9 and 11, Table 3.1). The combined analysis of nitrobenzene and catechol C isotope
fractionation in the kinetic model (eq. 3.11) resulted in an C of −4.1 ± 0.2h (entry
15, Table 3.1). The agreement of C -values derived from nitrobenzene, catechol, and
both compounds simultaneously confirms that dioxygenation was the isotope fractionating reaction. Furthermore, all evaluation methods are considered equally suited for
determining C -values in our experimental systems.
We also measured δ 2 H of nitrobenzene and observed only minor H isotope fractionation with an H of −5.6 ± 1.5h (entry 2, Table 3.1). N isotope fractionation, in
contrast, could not be quantified because of interferences from nitrobenzene reduction,
which exhibits large N -values. 36,49–51,101 Notice that reduction of nitrobenzene exhibits
only minor C isotope fractionation (C of −0.6 ± 0.1h). 36 We can thus safely assume
that the contribution of nitrobenzene reduction to C isotope fractionation was negligible.

3.3.2

Comparison of nitrobenzene dioxygenation in different
model systems

In addition to whole cell systems with E. coli clones expressing NBDO, isotope fractionation during nitrobenzene dioxygenation was also studied with crude cell extract thereof
and with purified NBDO components. Substrate and product concentration trends are
shown in Figure S3.3. C - and H -values for nitrobenzene dioxygenation in crude cell
extracts were −3.6 ± 0.3h and −6.1 ± 2.1h, respectively. Dioxygenation by purified
NBDO resulted in identical C and H isotope enrichment factors (C = −3.5 ± 0.2h,
H = −5.7 ± 1.3h, entries 1 and 2, Table 3.1). The stoichiometric formation of NO2–
(96 ± 4%) from nitrobenzene and no detectable amounts of aniline in experiments
with purified NBDO confirmed that dioxygenation was the only transformation pro48
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Figure 3.2: (a) Concentrations of nitrobenzene (red squares), catechol (blue circles), and
nitrite (purple triangles) during incubation with E. coli clones. Solid trendlines illustrate
pseudo-first order reaction kinetics. (b) C isotope signatures of nitrobenzene (red squares) and
catechol (blue circles) during transformation by E. coli clones measured by LC-IRMS (data
from multiple experiments). Error bars are standard deviations of triplicate measurements.
Solid lines were fit with eq. 3.1 for nitrobenzene and eq. 3.8 for catechol. The dashed
line represents initial δ 13 C0 of nitrobenzene. (c) C (red circles), H (green squares), and N
(yellow triangles) isotope enrichment factors, , (±95%-confidence intervals) determined for
nitrobenzene dioxygenation by E. coli clones, cell extracts of E. coli clones (CCE), purified
NBDO, and Comamonas sp. JS765.
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cess. Therefore, N isotope fractionation associated with dioxygenation of nitrobenzene
could be quantified and the corresponding N was −1.0 ± 0.3h (entry 3, Table 3.1).
Figure 3.2c shows a comparison of C, H, and N isotope enrichment factors determined
in this study as well as those for nitrobenzene dioxygenation by the wild-type microorganism Comamonas sp. JS765. 36,44 All C, H, and N isotope enrichment factors match
the one from the experiments with the pure enzyme and illustrate that all experimental
systems are equally suited to obtain kinetic isotope effects. This observation suggests
that non-chemical steps such as the transport of the substrate into the organisms, neither contribute to nor mask isotope fractionation. Our findings contrast the isotope
fractionation behavior observed in similar studies on the biodegradation of nitrophenols
and chlorinated ethenes. In those cases, C -values were (up to 4 times) smaller in whole
cell experiments compared to transformation in suspensions of cell extracts and pure enzymes. This observation was indicative of masking processes associated with substrate
transport. 108,128

3.3.3

Isotope effects and mechanisms of nitrobenzene dioxygenation

We calculated apparent kinetic isotope effects (AKIEs) for three scenarios to elucidate
dioxygenation mechanisms and compared the large C isotope fractionation with that
of other aromatic contaminants. Figure 3.3 shows that dioxygenation of nitrobenzene
may occur along three different pathways to the cis-dihydrodiol intermediate (6), which
reacts spontaneously to catechol and nitrite. 58,111 Mechanisms differ with respect to the
involved reactive oxygen species, which is either an Fe(III)-hydroperoxide or an Fe(V)oxo-hydroxide complex, 57 as well as with respect to the incorporation of the two oxygen
atoms, which occurs either in a stepwise (pathways a and c) or a concerted manner
(pathway b). 57,112,129 The 13 C-AKIE-values derived for the three scenarios differ due to
the number of C atoms involved in the rate-limiting step which is one for pathway a
and two for pathways b and c. In contrast, 2 H- and 15 N-AKIE-values are identical for
all pathways.
In mechanism a, changes of C and H atom hybridization and formation of a C–O
bond are initiated at one C atom only (C-2 or C-6). The corresponding 13 C-AKIEs
that were calculated for a reaction at these positions ranged from 1.021 ± 0.001 to
1.024±0.001 (entry 5, Table 3.1). Pathways b and c proceed through a 3+2 cycloaddition
or through the formation of an epoxide intermediate. Given that two C atoms (C-1
and C-2 or C-1 and C-6) are involved in the reaction simultaneously, average 13 C50
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Figure 3.3: Possible mechanisms of nitrobenzene dioxygenation by NBDO. 57,129 Pathway
a represents a step-wise mechanism via a radical intermediate (2). Pathways b and c are
concerted with regard to C bonding changes and occur through a 3 + 2 cycloaddition (3) or
an epoxide intermediate (4).

AKIEs of 1.010 ± 0.001 to 1.012 ± 0.001 (entry 6, Table 3.1) were calculated for those
positions. Note that pathways b and c cannot be distinguished here and we assume a
fully synchronous cycloaddition. 87,130 2 H-, and 15 N-AKIEs were calculated with eq. 3.7
as secondary isotope effects for the atom closest to the reactive site and are independent
of the chosen pathway. The resulting 2 H-AKIEs ranged from 1.027 ± 0.008 to 1.032 ±
0.007 and 15 N-AKIE was 1.001 ± 0.001 (entries 7 and 8, Table 3.1).
To date, there is no independent evidence for the magnitude of the AKIEs pertinent
to the dioxygenation of NACs. However, theoretical findings from density functional
theory calculations of an active site model of NBDO suggest that pathway a is the predominant mechanism 129 and our calculated 13 C-AKIE-value of 1.02 (entry 5, Table 3.1)
would thus be representative for nitrobenzene dioxygenation. Free energies of activation,
∆G‡ , calculated by Pabis et al. 129 were lowest for a C–O bond formation of HO−FeV −O
species at the C-2 atom leading to radical intermediate 2 (Figure 3.3). This first step
exhibited a larger ∆G‡ than the subsequent C-1–O bond formation which suggests that
only C-2 was involved in the rate-limiting oxygenation step. The preference for pathway a contrasts the dioxygenation mechanism proposed for naphthalene dioxygenation
through epoxidation (pathway c) by an FeIII −OOH species. 131 Pathway c, however, is
implausible for nitrobenzene because the formation of a carbocation (5) from the epoxide
intermediate (4) is unfavorable for NO2 -substituted aromatic compounds. 57
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parameter
CCE
NB

±
±
±
±

0.5
0.002
0.001
0.011

–3.5
–5.7
–1.0
1.5
1.021
1.010
1.029
1.001

±
±
±
±
±
±
±
±

0.2
1.3
0.3
0.8
0.001
0.001
0.007
0.001

–3.9
–6.3
–0.8
1.6
1.024
1.012
1.032
1.001

±
±
±
±
±
±
±
±

0.2
1.2
0.3
0.1
0.001
0.001
0.007
0.001

experiment type and substrate
NBDO
JS765 b
NB
NB

–1.3
–4.6
–1.6
3.6

±
±
±
±

0.1
2.0
0.2
1.2

E. coli
2-NT

2.8 ± 1.2

–1.2 ± 0.3
–5.4 ± 3.3

CCE
2-NT

Table 3.1: Bulk isotope enrichment factors (C , H , N ), ΛH/C -values, 13 C-, 2 H-, and 15 N-AKIEs from experiments
with E. coli clones, cell extracts of E. coli clones (CCE), purified NBDO, and Comamonas sp. strain JS765 using the
substrates nitrobenzene (NB) or 2-nitrotoluene (2-NT). a Pathway-specific values for dioxygenation and CH3 -group
oxidation are labeled d and m, respectively.
entry
E. coli
NB

1.7
1.022
1.011
1.031

fractionation
± 0.2
–3.6 ± 0.3
± 1.5
–6.1 ± 2.1
1.0
0.002 d
0.001 d
0.008

–3.2 ± 1.0
–0.2 ± 0.9

±
±
±
±

Evaluation of initial product isotope fractionation
d
9
C
(h)
–3.6 ± 0.6
m
10
C
(h)

–2.0 ± 0.4
–0.2 ± 0.4

Evaluation of substrate isotope
1
C
(h)
–3.7
2
H
(h)
–5.6
3
N
(h)
4
ΛH/C
(-)
1.7
13
c
5
C-AKIE
(-)
1.023
13
e
6
C-AKIE
(-)
1.011
2
f
7
H-AKIE
(-)
1.027
15
8
N-AKIE
(-) g

Evaluation of total product isotope fractionation
d
11
C
(h)
–4.5 ± 0.1
m
12
C
(h)

0.2
0.2
0.001
0.001
0.001

–2.5
–0.4
1.018
1.009
1.003

±
±
±
±
±

Kinetic model of substrate and product isotope fractionation
d
13
C
(h)
–4.1 ± 0.2
m
14
C
(h)
13
d
15
C-AKIE
(-) c 1.025 ± 0.001
13
16
C-AKIEd
(-) e 1.012 ± 0.001
13
17
C-AKIEm (-) g

a
b
36,44
Uncertainties
correspond
to
95%-confidence
intervals;
Data
from
Hofstetter
et
al.
re-evaluated;
c
d
e
Calculated
using
eq.
3.7
with
x
=
z
=
2;
Identical
values
were
obtained
with
the isotopomer model;
Calculated using
f
g
eq. 3.7 with x = 2 and z = 1;
Calculated using eq. 3.7 with x = z = 2;
Calculated using eq. 3.7 with x = z = 1
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In a recent study, 13 C-KIEs were determined for a 3 + 2 cycloaddition mechanism
of different NACs with permanganate (MnO4– ) as oxidant. The theoretical and experimental 13 C-KIEs for nitrobenzene dioxygenation by MnO4– were 1.025 and 1.029,
respectively, for the weighted average of isotope effects at the C-1 and C-2 positions. 107
These results from Wijker at al. 107 correspond to an C -value of −9h, which is substantially higher than what we observe here for the enzymatic reaction implying that
pathway b is not the source of C and H isotope fractionation during dioxygenation catalyzed by NBDO. Note that nitrobenzene dioxygenation by MnO4– is also accompanied
by an inverse 2 H-KIEs. It is currently unclear whether such inverse H isotope fractionation is indicative of an enzymatic 3 + 2 cycloaddition as in pathway b. Assuming
that such comparisons can be made, the disagreement of the magnitude of 13 C- and the
direction of 2 H-AKIEs for nitrobenzene dioxygenation with MnO4– vs. NBDO suggests
that the mechanism of enzymatic dioxygenation is not likely to be pathway b.

3.3.4

Isotope fractionation associated with dioxygenation and
CH3 -group oxidation of 2-nitrotoluene by NBDO

NBDO simultaneously catalyzed dioxygenation of 2-nitrotoluene to 3-methylcatechol
and nitrite as well as CH3 -group oxidation of 2-nitrotoluene to 2-nitrobenzyl alcohol
as reported previously (Figure 3.1). 111 Concentration trends of the substrate and two
products are shown in Figure 3.4a for an experiment with the same E. coli clone that
was used to study nitrobenzene dioxygenation. Both reactions followed pseudo-first
order kinetics and the rates of product formation were identical for dioxygenation to
3-methylcatechol (1.2 ± 0.2 · 103 s−1 ) and CH3 -group oxidation to 2-nitrobenzyl alcohol
(1.3 ± 0.2 · 103 s−1 ). The sum of dioxygenation and CH3 -group oxidation products
corresponded to 90% of the initial 2-nitrotoluene concentration. Control experiments
with autoclaved E. coli clones showed that sorption to cells accounted for the missing
amount of 2-nitrotoluene (Figure S3.2).
The trend of δ 13 C-values of substrate and products as a function of the remaining substrate fraction is shown in Figure 3.4b. At the beginning of the reaction when
only a small fraction of the substrate had reacted, δ 13 C-values of 3-methylcatechol were
significantly more negative then δ 13 C-values of 2-nitrobenzyl alcohol. C isotope fractionation associated with 2-nitrotoluene dioxygenation is therefore larger than that associated with CH3 -group oxidation by the same enzyme. Note that the 13 C enrichment
in 2-nitrotoluene reflects the weighted average of two oxidation pathways and is not
as pronounced as for nitrobenzene (Figure 3.2b) due to minor C isotope fractionation
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associated with CH3 -group oxidation.
We derived pathway-specific C isotope enrichment factors for dioxygenation, dC ,
13
and CH3 -group oxidation, m
C , from the δ C-values of 3-methylcatechol and and 2nitrobenzyl alcohol, respectively, based on three data evaluation methods discussed
above (eqs. 3.8-3.12). dC ranged from −2.0 ± 0.4h to −3.2 ± 1.0h (Table 3.1, entries 9, 11, 13). m
C -values were substantially smaller, that is between −0.2 ± 0.4h and
−0.4 ± 0.2h (entries 10, 12, 14 in Table 3.1). Because the two reaction pathways contribute equally to the disappearance of 2-nitrotoluene, C of the substrate, −1.3 ± 0.1h,
represents the arithmetic mean of dC and m
C . We also quantified the H and N isotope
enrichment of 2-nitrotoluene and the corresponding H - and N -values are −4.6 ± 2.0h
and −1.6 ± 0.2h, respectively (Table 3.1). Note that δ 2 H and δ 15 N cannot be measured in the reaction products due to analytical constraints thus precluding a rigorous
pathway-specific interpretation. As the C isotope fractionation of CH3 -group oxidation
is almost negligible, we can assume that H and N isotope fractionation of this reaction
are negligible too. The above H - and N -values for 2-nitrotoluene thus largely reflect
the secondary isotope effects of dioxygenation and are quite similar to the ones from
nitrobenzene dioxygenation (Table 3.1).

3.3.5

13

C-AKIEs of the dioxygenation of 2-nitrotoluene and the

CH3 -group oxidation of 2-nitrotoluene by NBDO
We derived the 13 C-AKIE for the dioxygenation of 2-nitrotoluene from dC -values based
on the mechanistic scenario of a step-wise dioxygen addition initiated at the C-2 position.
This scenario corresponds to the dioxygenation mechanism along pathway a (Figure 3.3).
As shown in Figure 3.4c and Table 3.1 (entry 15), the 13 C-AKIE value was 1.018±0.001,
which is slightly smaller than the value for nitrobenzene dioxygenation (1.025±0.001) but
still large for dioxygenations. This comparison shows that 13 C-KIEs of dioxygenations
catalyzed by NBDO can be substrate specific. The same conclusion holds if pathways
b or c (Figure 3.3) are considered to be the underlying dioxygenation mechanism which
leads to calculated 13 C-AKIE for 2-nitrotoluene dioxygenation of 1.009 ± 0.001 (Table
3.1, entry 16).
The 13 C-AKIE for CH3 -group oxidation of 2-nitrotoluene was derived from the m
Cvalue and corresponded to 1.003±0.001 (entry 17, Table 3.1). The absence of significant
C isotope fractionation strongly contrasts typical 13 C-AKIE for CH3 -group oxidation of
2-nitrotoluene and other substituted toluenes, which can be as large as 1.03. 34,107 The
same interpretation applies to the lacking H isotope fractionation. 2 H-KIEs can be as
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Figure 3.4: (a) Concentrations of 2-nitrotoluene (red squares), 3-methylcatechol (dark blue
circles), and 2-nitrobenzyl alcohol (light blue diamonds) in an experiment with E. coli clones.
Solid trendlines illustrate pseudo-first reaction order kinetics. (b) C isotope signatures of
2-nitrotoluene (red squares), 3-methylcatechol (dark blue circles), and 2-nitrobenzyl alcohol
(light blue diamonds) during transformation by E. coli clones (data from multiple experiments). Error bars are standard deviations of triplicate measurements. Solid lines were fits
with eq. 3.1 for 2-nitrotoluene and eq. 3.8 for the two products. (c) 13 C-AKIEs of nitrobenzene and 2-nitrotoluene dioxygenation (dark blue circles) as well as 2-nitrotoluene CH3 -group
oxidation (light blue diamonds) in experiments with E. coli clones. Values represent arithmetic
means ±95%-confidence intervals.
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large as of 3.2 to 4.0 for CH3 -group oxidations. 34,107 Remember that the rates of product
formation from CH3 -group oxidation and dioxygenation are identical (Figure 3.4a). The
two reaction pathways thus have equal activation energies. The fact that dioxygenation
of 2-nitrotoluene is isotope sensitive while CH3 -group oxidation is not, therefore, implies
that the two pathways proceed through different transition states in the rate-limiting
steps and hence do not have a common intermediate.

3.3.6

Magnitude and variability of kinetic isotope effects associated with the dioxygenation of aromatic contaminants

Our study complements a series of recent reports on the isotope fractionation of the enzymatic dioxygenation of nitro- and aminoaromatic compounds and other aromatic hydrocarbons and sheds some light onto possible factors leading to the observed variability of
isotope fractionation. The 13 C-AKIEs of 1.018 to 1.025 for NACs shown in this and previous work from our group 36,44 are at least twice as large as for the dioxygenation of benzene, toluene, naphthalene, aniline, diphenylamine, and 2,4-dinitrotoluene. 34,37,38,42,109
It has been speculated previously 109 that the regioselectivity of dioxygenation attack in the 1,2-position 28–30 and ensuing departure of a N-containing leaving group such
as NO2– or NH3 might lead to stronger changes in aromatic C bonding than if dioxygenation occurred at the (unsubstituted) 2,3-positions. 26,27,57 This interpretation is, in
part, supported by the smaller H isotope fractionation reported here for 1,2- vs. 2,3dioxygenations where only one instead of 2 H atoms are involved in the reaction. 42
Unfortunately, there are too few ΛH/C -values reported for a systematic comparison with
the consistent numbers for nitroarene dioxygenation (entry 4 in Table 3.1 and data for
2,4-dinitrotoluene dioxygenation. 34 ) One reason is that the errors associated with the
quantification of secondary H isotope fractionation are often too large. 34,37,38 Moreover,
large 13 C-AKIEs (i.e. > 1.015) were only found for nitroarene dioxygenation but not for
aminoaromatic compounds.
Wijker at al. also observed that dioxygenation of 2,4-dinitrotoluene by Burkholderia JS872 expressing 2,4-dinitrotoluene dioxygenase showed almost negligible C, H,
and N isotope fractionation. 34 As dioxygenation of nitrobenzene and 2,4-dinitrotoluene
occurs at the 1,2-position within enzymes that share 87% identical amino-acid residues
in the oxygenase α subunit, 111 we assume that the mechanisms of dioxygenation are
identical. Isotope enrichment factors are, nevertheless, markedly different. A possible
explanation for this phenomenon would be a shift of rate-limiting step in the enzymatic process to a step that does not involve reactions of the aromatic substrate. We
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have recently hypothesized such a scenario for flavin dependent monooxygenases, where
the rate-limiting formation of flavin hydroperoxides might have caused a lack of isotope fractionation during the monooxygenation of nitrophenols. 108 Indeed, theoretical
studies of nitrobenzene dioxygenation by NBDO showed that the O–O bond cleavage
preceding the formation of the reactive Fe(V)-oxo-hydroxy species exhibited a ∆G‡ (3.6
kJ mol−1 ) that was similar to the one for the C–O bond formation during oxygenation
of nitrobenzene in compound 2 (3.1 kJ mol−1 ; Figure 3.3). These numbers suggest
that a shift of the rate-limiting step from substrate oxygenation to formation of reactive oxygen species is the likely cause for changes in substrate isotope fractionation.
Further study on the influence of substrate specificity on the substrate isotope fractionation in experimentally and computationally 129,132 well-defined model systems for nitroarene dioxygenases will enable us to further explore and substantiate this hypothesis.
A precise quantification of substrate-specific isotope enrichment factors is key for assessing nitroaromatic contaminant biodegradation in the environment. The comparison
of our data for nitrobenzene and nitrotoluene with that for 2,4-dinitrotoluene suggests
considerable variation, which may also be encountered for other substrates of nitroarene
dioxygenases. This phenomenon can impact the identification of transformation routes
and add uncertainty to calculations of the extent thereof unless substrate-specific isotope enrichment factors, such as those provided in our work for dioxygenations, are
established.
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S3.1

Chemicals

Stock solutions of nitrobenzene (99%), 2-nitrotoluene (99%), catechol (99%), 3-methylcatechol (98%), and 2-nitrobenzyl alcohol (97%) - all purchased from Sigma-Aldrich
(Buchs, Switzerland) - were prepared in methanol (99.99%). Buffer solutions were
prepared in nanopure water (18.2 MΩ · cm, Barnstead NANOpure Diamond Water
Purification System) and the pH was adjusted with sodium hydroxide (98%) and hydrochloric acid (32%). The following chemicals were purchased from various manufacturers and used without further treatment: potassium phosphate monobasic (KH2 PO4 ,
99.5%), potassium phosphate dibasic anhydrous (K2 HPO4 , 99%), bis-tris (99%), potassium chloride (99.5%), ammonium sulfate (99%), dithiothreitol (99%), ethanol (99.9%),
gylcerol (99%), kanamycin monosulfate from Streptomyces kanamyceticus (75%), ampicillin sodium salt (95%), isopropyl β-D-1-thiogalactopyranoside (99%), β-nicotinamide
adenine dinucleotide reduced disodium salt (93%), ammonium ferrous sulfate hexahydrate (99%), sodium nitrite (99%), sulfanilamide (99%), N -(1-naphthyl)ethylenediamine
(99%), sodium chloride (99.5%), sodium persulfate (99%), and phosphoric acid (85%).
The carrier and reference gases for GC/IRMS and LC/IRMS were helium (99.999%),
N2 (99.9999%), CO2 (99.999%), and H2 (99.999%) from Carbagas (Rümlang).

S3.2

Purification of Nitrobenzene Dioxygenase

S3.2.1

Bacterial strains and growth conditions

Escherichia coli VJS415(pK19::927), 118 which carries the nbzAaAbAcAd genes from Comamonas sp. strain JS765, 111 was used for purification of the terminal oxygenase component of nitrobenzene dioxygenase. E. coli DH5α(pJPK13::Fd) 118 only carries the
nbzAb gene and was used for purification of the ferredoxin component. Both strains
were grown at 37
with shaking in LB (5 g L−1 yeast extract, 10 g L−1 tryptone,
5 g L−1 NaCl) containing 100 µg mL−1 kanamycin sulfate to late exponential phase
(OD600 3-4). E. coli BL21(DE3)(pDTG871) which carries the nbzAa gene, was used
for purification of the reductase components and grown at 30
in TB (24 g L−1 yeast
extract, 12 g L−1 tryptone, 4 g L−1 glycerol, 2.3 g L−1 KH2 PO4 , 16.4 g L−1 K2 HPO4 )
containing 200 µg mL−1 ampicillin. When the cultures reached early exponential phase
(OD600 0.5-1.0), 100 µM isopropyl-β-D-thiogalactopyranoside (IPTG) were added and
cells were incubated for additional three hours.
All cells were harvested by centrifugation (12,000 g at 4 for 10 min) and stored at -
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20 . The purification procedures were adapted from Parales et al. 117 and are described
below for each of the three enzyme components. An automated fast protein liquid
chromatography system (Bio-Rad Laboratories) was used with columns and resins from
GE Healthcare. Purified protein was stored at -80 .



S3.2.2

Purification of Ferredoxin

Frozen cell pellet (50 g) was mixed with 50 mL BTGED buffer (50 mM Bis-Tris, 5%
glycerol, 5% ethanol, 1 mM sodium dithiothreitol, pH 6.8) and thawed on ice. The cell
suspension was passed twice through a chilled French pressure cell and centrifuged at
10,000 g for 30 min at 4 . The supernatant was dialyzed in fresh BTGED buffer and
loaded onto a Q-Sepharose fast flow ion exchange column (approximate bed volume 170
mL) equilibrated with 600 mL BTGED. Unbound protein was removed with 170 mL
BTGED at 2 mL min−1 . Bound protein was eluted with a linear gradient from 0 to
500 mM KCl in BTGED (total volume 690 mL at 2 mL min−1 ). Fractions containing
ferredoxin were combined and concentrated by ultrafiltration (10 kDa membrane, 1 bar
nitrogen gas). Afterwards, 1.5 M ammonium sulfate was added and the solution was
loaded onto an octyl-sepharose 4 fast flow column (22 mL bed volume) equilibrated with
100 mL of 1.5 M (NH4 )2 SO4 in BTGED. Unbound protein was removed with 100 mL of
1.5 M (NH4 )2 SO4 in BTGED at 1 mL min−1 . Ferredoxin eluted with unbound proteins.
Fractions containing ferredoxin were combined and loaded onto a phenyl-sepharose 6 fast
flow (high sub) column (19 mL bed volume) equilibrated with 100 mL 1.5 M (NH4 )2 SO4
in BTGED. Unbound protein, including ferredoxin, was removed with 200 mL of 1.5 M
(NH4 )2 SO4 in BTGED at 1 mL min−1 . Fractions containing ferredoxin were combined,
concentrated by ultrafiltration (10 kDa membrane, 1 bar nitrogen gas), and dialyzed in
40 mM phosphate buffer (pH 7.0).



S3.2.3

Purification of Reductase

Frozen cell pellet (60 g) was mixed with 60 mL BTGED buffer and thawed on ice.
The cell suspension was mixed with 1 mg mL−1 DNase I, passed twice through a chilled
French pressure cell, and centrifuged at 10,000 g for 30 min at 4 . The supernatant was
dialyzed in fresh BTGED buffer and loaded onto a Q-Sepharose fast flow ion exchange
column (approximate bed volume 170 mL) equilibrated with 600 mL BTGED. Unbound
protein was removed with an isocratic flow of 340 mL BTGED at 2 mL min−1 . Bound
protein was eluted with a linear gradient from 0 to 500 mM KCl in BTGED (total
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volume 660 mL at 2 mL min−1 ). Fractions containing reductase were combined and
concentrated by ultrafiltration (10 kDa membrane, 1 bar nitrogen gas). Afterwards, 1.0
M ammonium sulfate was added and the solution was loaded onto a phenyl-sepharose
6 fast flow (high sub) column (19 mL bed volume) equilibrated with 100 mL 1.0 M
(NH4 )2 SO4 in BTGED. Unbound protein was removed with 50 mL of 1.0 M (NH4 )2 SO4
in BTGED at 1 mL min−1 . Bound protein was eluted with a linear gradient from 1.0 to
0 M (NH4 )2 SO4 in BTGED (total volume 120 mL at 1 mL min−1 ). Fractions containing
reductase were combined and concentrated by ultrafiltration (10 kDa membrane, 1 bar
nitrogen gas). Again, 1.0 M ammonium sulfate was added to the solution which was
loaded onto a phenyl-sepharose fast flow (low sub) column (approximate bed volume
30 mL) equilibrated with 150 mL 1.0 M (NH4 )2 SO4 in BTGED. Unbound protein was
removed with 75 mL of 1.0 M (NH4 )2 SO4 in BTGED at 1 mL min−1 . Bound protein was
eluted with a linear gradient from 1.0 to 0 M (NH4 )2 SO4 in BTGED (total volume 180
mL at 1 mL min−1 ). Fractions containing reductase were combined, concentrated by
ultrafiltration (10 kDa membrane, 1 bar nitrogen gas), and dialyzed in 40 mM phosphate
buffer (pH 7.0).

S3.2.4

Purification of Oxygenase

Frozen cell pellet (65 g) was mixed with 65 mL BTGED buffer and thawed on ice.
The cell suspension was mixed with 1 mg mL−1 DNase I, passed twice through a chilled
French pressure cell, and centrifuged at 10,000 g for 30 min at 4 . The supernatant was
dialyzed in fresh BTGED buffer and loaded onto a Q-Sepharose fast flow ion exchange
column (approximate bed volume 170 mL) equilibrated with 720 mL BTGED. Unbound
protein was removed with 215 mL BTGED at 2 mL min−1 . Bound protein was eluted
with a linear gradient from 0 to 500 mM KCl in BTGED (total volume 680 mL at 2 mL
min−1 ). Fractions containing oxygenase were combined and concentrated by ultrafiltration (100 kDa membrane, 1 bar nitrogen gas). Afterwards, 1.0 M ammonium sulfate
was added and the solution was loaded onto a phenyl-sepharose 6 fast flow (high sub)
column (19 mL bed volume) equilibrated with 100 mL 1.0 M (NH4 )2 SO4 in BTGED.
Unbound protein was removed with 100 mL of 1.0 M (NH4 )2 SO4 in BTGED at 1 mL
min−1 . Bound protein was eluted with a linear gradient from 1.0 to 0 M (NH4 )2 SO4 in
BTGED (total volume 260 mL at 1 mL min−1 ). Fractions containing oxygenase were
combined and concentrated by ultrafiltration (100 kDa membrane, 1 bar nitrogen gas).
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Figure S3.1: SDS-PAGE analysis of the purified NBDO components oxygenase (lane 2),
ferredoxin (lane 3), and reductase (lane 4). The scale on the left refers to molecular masses
in kDa according to the standard bands in lane 1. Molecular masses have previously been
determined for alpha and beta subunits of oxygenase (50 and 23 kDa), for ferredoxin (11
kDa), and for reductase (35 kDa). 117

S3.3

Input data for isotopomer model

Table S3.1: Labeling position of nitrobenzene isotopomers included in the numerical
model 107 and probabilities of these isotopomers to react with the light (k12 ) or heavy
12
13
(k13 ) reaction rate given as γ C and γ C , respectively, for the two considered reaction
mechanisms.

isotopomer

il
ih1
ih2
ih3
ih4
ih5
ih6

position of isotopic substitution

step-wise

C1

C2

C3

C4

γ

12

12

12

12

C
C
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C
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C
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C
12
C
12
C

13

C
C
13
C
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C
12
C
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C
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C
12

C
C
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C
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C
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C
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C
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C
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C
C
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C5
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C
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a

C6

12

C
C
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C
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C
13
C
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1
1
1/2
1
1
1
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A step-wise mechanism involves attack of oxygen at C2 or C6.
involves attack of oxygen(s) at C1 and C2 or at C1 and C6.
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S3.4

Illustrations of kinetics and isotope fractionations
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Figure S3.2: Left: kinetics of nitrobenzene in a control experiment with autoclaved E. coli
clones (green circles), nitrobenzene in an experiment with E. coli clones (red squares), and the
dioxygenation product nitrite (purple triangles). Right: kinetics of 2-nitrotoluene in a control
experiment with autoclaved E. coli clones (green circles), 2-nitrotoluene in an experiment
with E. coli clones (red squares), and the sum of dioxygenation and methyl group oxidation
products (purple triangles).
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Figure S3.3: Left: kinetics of nitrobenzene (red squares) and catechol (blue circles) during
transformation in crude cell extract. Right: concentrations of nitrobenzene (red squares),
nitrite (purple triangles), and catechol (blue circles) during transformation by purified NBDO.
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Figure S3.4: Left: carbon isotope signatures of nitrobenzene versus remaining substrate
concentration for experiments with crude cell extract (red circles) and purified NBDO (yellow
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and purified NBDO (yellow squares).
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Substrate and Enzyme Specificity of
the Kinetic Isotope Effects
Associated with the Dioxygenation
of Nitroaromatic Contaminants
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Abstract
Compound-specific isotope analysis (CSIA) is a promising approach for tracking biotransformation of organic pollutants but isotope fractionation associated with aromatic
oxygenations is only poorly understood. We investigated the dioxygenation of a series
of nitroaromatic compounds to the corresponding catechols by two enzymes, namely
nitrobenzene and 2-nitrotoluene dioxygenase (NBDO and 2NTDO) to elucidate the
enzyme- and substrate-specificity of C and H isotope fractionation. While the apparent 13 C- and 2 H-kinetic isotope effects of nitrobenzene, nitrotoluene isomers, 2,6dinitrotoluene and naphthalene dioxygenation by NBDO varied considerably, the correlation of C and H isotope fractionation revealed a common mechanism for nitrobenzene
and nitrotoluenes. Similar observations were made for the dioxygenation of these substrates by 2NTDO. Evaluation of reaction kinetics, isotope effects, and commitmentto-catalysis based on experiment and theory showed that rates of dioxygenation are
determined by the enzymatic O2 activation and aromatic C oxygenation. The contribution of enzymatic O2 activation to the reaction rate varies for different nitroaromatic
substrates of NBDO and 2NTDO. Because aromatic dioxygenation by non-heme iron
dioxygenases is frequently the initial step of biodegradation, O2 activation kinetics may
also have been responsible for the minor isotope fractionation reported for the oxygenation of other aromatic contaminants.
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4.1

Introduction

Compound-specific stable isotope analysis (CSIA) of nitroaromatic contaminants has
shown that all (bio)degradation routes investigated to date are associated with a measurable change of the substrate’s C, H, or N isotope composition. 34,36,49–51,101,106–108
While reductive transformations of nitroaromatic compounds (NACs) are initiated by
bond cleavage reactions at N–O bonds, oxidations involve the breaking of aromatic
and aliphatic C–H bonds. 15,17 Consequently, systematic variations of stable C, H, and
N isotope ratios in individual nitroaromatic soil and water contaminants allow one to
distinguish reductions from mono- and dioxygenations of aromatic moieties as well as
oxidations of methyl groups. 34,36,108 Such multi-element isotope fractionation trends are
typically stronger for (bio)transformation reactions than for nonreactive loss processes,
such as sorption, 133 and we found that CSIA enables the assessment of the various
biodegradation routes of 2,4,6-trinitrotoluene (TNT) and its synthesis precursors (i.e.,
mono- and dinitrotoluenes) in contaminated soil. 34
Enzymatic oxygenations of aromatic rings of NACs are typically associated only with
minor C and H isotope fractionation. Similar observations were made for other aromatic
contaminants, such as alkylated and chlorinated benzenes and naphthalene. 35,37,42,134,135
Apparent kinetic isotope effects (AKIEs) for dioxygenations, which are calculated for the
reactive position of a compound from its isotope fractionation, 31 can indeed differ significantly. For example, the 13 C-AKIEs for dioxygenation of NACs vary between 1.004 and
1.024 and overlap with values reported for all other biodegradation reaction of NACs
including ring monooxygenation (1.002 to 1.011). 36,108,136,137 Variations of isotope fractionation were found for different substrates transformed by the same enzyme and vice
versa, that is for the same substrate transformed by different enzymes. It is apparently
difficult to delineate a “typical” magnitude of isotope fractionation for (bio)degradation
routes initiated by oxidations of aromatic moieties unless the substrate and enzyme
specificities of AKIEs are understood better.
Investigations of nitroarene dioxygenases have indeed shown that small differences
in the active site, such as an exchanged amino acid residue, can have a strong impact
on substrate specificity, regiospecificity, and enantioselectivity of the enzyme. 111,114 For
example, 95% of the amino acid residues within the subunit containing the active site are
identical in nitrobenzene dioxygenase (NBDO) from Comamonas sp. strain JS765 and
2-nitrotoluene dioxygenase (2NTDO) from Acidovorax sp. strain JS42. 111,138 Nevertheless, NBDO and 2NTDO have different regiospecificities and enantioselectivities towards
some nitroaromatic substrates. For instance, 3-nitrotoluene is transformed exclusively
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to 4-methylcatechol by NBDO while with 2NTDO the transformation of 3-nitrotoluene
results in a mixture of 3-methylcatechol, 4-methylcatechol, and 3-nitrobenzyl alcohol. 111,114 It was hypothesized that these different substrate specificities are largely
caused by only one different amino acid residue in the active site, which is a phenylalanine
in NBDO and an isoleucine in 2NTDO. 139,140 It is well known that enzyme-substrate
interactions, such as the ones exemplified above, can alter the rate-limiting steps of
biotransformation reactions and, consequently, the associated isotope effects. 141–144 For
nitroarene dioxygenations, potentially rate-limiting steps include substrate binding, activation of molecular O2 , and the subsequent, isotope sensitive hydroxylation of the
aromatic moiety. However, in contrast to many well-studied biochemical reactions, the
consequences of specific enzyme-substrate interactions on the observable isotope fractionation of enzymatic transformations of organic contaminants are not well understood.
The goal of this work was to explore reactions of nitroarene dioxygenases with a
series of substrates for systematic changes of the observable C and H isotope fractionation and variations of the corresponding 13 C- and 2 H-AKIEs. To this end, we performed incubations of six different substrates (i.e, nitrobenzene, 2-, 3-, 4-nitrotoluene,
2,6-dinitrotoluene, and naphthalene) with whole cells of E. coli clones expressing NBDO
or 2NTDO and enzyme assays with purified NBDO. C and H isotope fractionation were
determined for each substrate and the 13 C-AKIEs of dioxygenation were derived from the
combined substrate and product C isotope fractionation obtained from isotopic analysis
by GC/IRMS and LC/IRMS. 137 Measured C and H isotope fractionation was benchmarked against theoretical 13 C- and 2 H-KIEs to identify (i) the rate-limiting steps of
nitrobenzene dioxygenation by NBDO and (ii) to elucidate the origins of the observed
substrate-specific isotope fractionation.

4.2

Experimental section

All chemicals used in this study are reported in section S4.1 (Supporting Information).

4.2.1

Experiments with E. coli clones expressing NBDO or
2NTDO

Two Escherichia coli strains were used in this study, E. coli VJS415(pK19::927) 118
with the nbzAaAbAcAd genes from Comamonas sp. strain JS765 111 and E. coli DH5α(pDTG800), 138 which carries the ntdAaAbAcAd genes from Acidovorax sp. strain
JS42. 29,145 Both strains were grown in LB (5 g L−1 yeast extract, 10 g L−1 tryptone,
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°

°

5 g L−1 NaCl) at constant temperatures (30 C or 37 C) with shaking. LB solutions
were supplied with 100 mg L−1 kanamycin sulfate and 200 mg L−1 sodium ampicillin
for E. coli VJS415(pK19::927) and E. coli DH5α(pDTG800), respectively. Cells were
harvested at late log-phase (OD600 between 3 and 4) by centrifugation at 20,000 g for
20 min, washed, and resuspended in phosphate buffer (40 mM KH2 PO4 , pH 7.0) to final
cell dry weights of 3-9 g L−1 .
Degradation experiments with whole cells of E. coli clones were performed in duplicates. Cell suspensions of 200 mL were incubated at 30 C with shaking (220 rpm) in
240-mL serum flasks sealed with viton rubber stoppers. To initiate transformation reactions, aliquots of a methanolic stock solution (0.1 to 1.0 mL) containing nitrobenzene
or a nitrotoluene isomer were added resulting in appropriate initial substrate concentrations (0.5 or 1.0 mM). At pre-defined time-points, samples were withdrawn with a
glass syringe and cells were removed by centrifugation. Supernatants were stored at 4 C
until chemical analysis. For measurement of product isotope fractionation, experiments
were repeated under identical conditions using smaller volumes (20 mL cell suspension
in 25-mL flasks) and samples were analyzed immediately by LC/IRMS.

°

°

4.2.2

Experiments with purified NBDO

We studied the dioxygenation of 2,6-dinitrotoluene and naphthalene by NBDO with
purified NBDO components to minimize sorption losses and reductive side-reactions.
Previous work 137 has shown that isotope fractionation during dioxygenation of nitroaromatic compounds by NBDO in experiments with E. coli clones and purified enzymes
lead to identical results. The three enzyme components of NBDO were purified using
methods 137 adapted from Parales et al. 117 Purified oxygenase, ferredoxin, and reductase
were mixed in MES buffer (50 mM, pH 6.8) containing 0.1 mM (NH4 )2 Fe(SO4 )2 at concentrations of 0.3 µM, 3.6 µM, and 0.3 µM, respectively. 111,117 2,6-dinitrotoluene (100
mM in methanol) or naphthalene (20mM in 3:7 ethanol:water) were added to give initial
concentrations of 100 µM to reactors containing 5 mL of buffered enzyme solution. To
achieve variable extents of substrate conversion, different amounts of 0.1 M NADH (in
0.01 M NaOH, final concentration 0-500 µM) were added to separate reactors. Reactors
were incubated at 30 C with shaking (100 rpm) for 30 minutes before chemical analysis.

°
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4.2.3

Chemical and isotopic analyses

Methods for quantifying substrates and products were used as described previously. 137
Briefly, concentrations of NACs and aromatic products were determined by reversedphase HPLC coupled to a UV-vis detector. Compounds were separated on appropriate
C18-columns (see section S4.2 for details). Nitrite was quantified using a photometric
method 120 at 540 nm with the reagents sulfanilamide (10 g L−1 in 1.5 M HCl) and
N -(1-naphthyl)ethylene diamine (1 g L−1 in 1.5 M HCl).
Carbon and hydrogen isotope ratios (δ 13 C and δ 2 H) of all nitroaromatic substrates
and naphthalene were measured by isotope ratio mass spectrometry after solid-phase
microextraction (65 µm PDMS/DVB or 85 µm polyacrylate coating, Supelco) and gas
chromatography as reported previously. 53,72,121 Aqueous samples were filtered and diluted to concentrations corresponding to constant peak amplitudes. Depending on the
compound and element, peak amplitudes were between 0.6 and 8 V. Isotope ratios are
reported as arithmetic means of triplicate measurements in the form of isotope signatures
(δ 13 C and δ 2 H) in per mil ( ) relative to the international reference materials Vienna
PeeDee Belemnite (δ 13 CVPDB ) and Vienna Standard Mean Ocean Water (δ 2 HVSMOW ).
We used a suite of calibrated reference materials with δ 13 C from −54.6 to 7.7 and
δ 2 H from −118
to 506 122,123 as well as repeated measurements of in-house standards (NACs of known C isotope signatures) in a standard bracketing procedures to
ensure accuracy of the measured δ 13 C and δ 2 H values.
δ 13 C analysis of 3-methylcatechol, 4-methylcatechol, and 4-nitrobenzyl alcohol was
carried out by liquid chromatography / isotope ratio mass spectrometry (LC/IRMS) 124,125
using a Dionex UltiMate 3000 system coupled to a Finnigan LC IsoLink and a Delta
V Plus IRMS (Thermo Scientific). As described previously, 137 three to six injections
were made from the same, cooled vial with adjusted injection volumes of samples and
standards to give constant peak amplitudes between 0.7 and 4 V. An eluent of 100%
phosphate buffer (10 mM KH2 PO4 , pH 2.5) was used at 0.5 mL min−1 with an XBridge
C18 column (2.5 µm, 3x50 mm, Waters) in a high-temperature HPLC 200 column oven
(Scientific Instrument Manufacturer).





4.2.4







Computational methods

Position-specific 13 C- and 2 H-KIEs for nitrobenzene dioxygenation by NBDO were calculated with a hybrid quantum mechanical/molecular mechanical (QM/MM) approach.
Calculations were performed with the f Dynamo library 146 and the Gaussian 09 147 elec72
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tronic structure package. The dioxygenation of nitrobenzene was modeled in a heterohexameric model of NBDO, which was obtained from the molecular dynamics simulation
in aqueous environment 132 and additionally soaked in a 165 × 165 × 165 Å3 water box.
The system was divided into a QM and MM region. 129 The QM subsystem, which
contained nitrobenzene, the iron-dioxygen complex, and the sidechains His211, His206,
Asp360, Asn258, Asn199, Asn295, and Asp203, was treated at the DFT level with the
hybrid B3LYP functional. 148,149 The 6-31G∗ basis set was used for C, H, N, O atoms and
combined with the Hay and Wadt effective core potential (ECP) 150 for the description
of the Fe atom. The remainder of the protein constituted the MM subsystem and was
described using the OPLS-AA force field, which was combined with the previously employed Amber parameters for the treatment of the metal centers in the system. 132 The
iron-dioxygen complex was modeled in the sextet state (S=5/2) as a positively charged
protonated species, i.e. [FeIII -OOH]2+ or [HO-FeV =O]2+ . Solvent molecules were described with the TIP3P flexible potential. The coordinates of all atoms beyond 20 Å
from the mononuclear iron center in the QM region were fixed.
With the above model, transition states corresponding to the reaction steps presented in Figure 4.2 were optimized. The product and reactant states were traced from
each transition state by following an intrinsic reaction coordinate (IRC) algorithm and
optimized subsequently. The nature of all stationary points was verified by performing
vibrational frequency calculations. Optimized structures of the stationary points along
the reaction were then used to calculate semiclassical isotope effects. Position-specific
13
C- and 2 H-KIEs were obtained from the total partition functions and zero point energies calculated for the two isotopologues with a light or heavy atom at a given C or
H position in the transition state and the reactant. KIEs were obtained separately for
all C and H atoms of nitrobenzene from 8 different configurations of the enzyme that
were taken from the last 2 ns of the MD simulation of NBDO published earlier. 132 The
position-specific KIEs are reported as average values of these 8 calculations in Table
S4.2 and referred to as theoretical KIEs.

4.2.5

Data evaluation

Bulk isotope enrichment factors (E ) were obtained from a linear regression of substrate
C and H isotope signatures (δ 13 C, δ 2 H) vs. the fraction of remaining substrate (c/c0 )
according to eq. 4.1.

ln

δhE + 1
δ h E0 + 1


= E · ln (c/c0 )
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where δ h E0 and δ h E are the initial isotope signature of element E and the value measured
during the reaction, respectively. Data from replicate experiments were combined using
the Pitman estimator. 73 A linear regression was applied to measured H and C isotope
signatures (δ 2 H vs. δ 13 C). The resulting regression slopes were used to compare twodimensional isotope fractionation trends between nitrotoluene isomers. The slope from
this linear regression (ΛH/C ) corresponds approximately to the ratio of bulk isotope
enrichment factors (H /C ).
Reaction-specific C isotope enrichment factors (jC ) for dioxygenation and CH3 -group
oxidation were derived based on a set of differential equations as shown recently. 137
Concentrations and δ 13 C of NACs and their organic oxidation products were fit with eq.
4.2 implemented in Aquasim. 75
dcκ X
=
ν · kj · cκ
dt
j

(4.2)

where cκ is the concentration of each substrate and product C isotopologue, ν is a
stoichiometric coefficient, and kj is the rate of product formation from reaction j for each
C isotopologue. jC was calculated from the ratio of product formation rate constants
as demonstrated in eq 4.3. Additional evaluation of product C isotope fractionation is
given in section S4.3.
jC =

13 C
12 C

kj
−1
kj

(4.3)

In experiments where only dioxygenation occurred, 13 C- and 2 H-AKIEs were derived
from E -values with eq 4.4, based on assumptions for the reaction mechanism. 31
AKIEE ≈

1
1 + n/x · z · E

(4.4)

where n is the number of atoms of element E (C or H), x is the number of these atoms
at the reactive position, and z is a correction for intramolecular isotopic competition.
In experiments with side reactions, only 13 C-AKIEs could be derived by substituting E
with jC for dioxygenation. For 13 C-AKIE, x and z were 2 whereas for 2 H-AKIE x and
z were 1.
Experimental AKIEs derived with eq. 4.4 and theoretical KIEs were used for two
purposes. (i) With position-specific KIEs from Table S4.2, we derived theoretical C and
H isotope enrichment factors, ∗C and ∗H , as well as δ 13 C vs. δ 2 H-correlation slopes, Λ∗H/C ,
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(see eqs. S4.17-S4.21) with the assumption that only one of the 3 elementary reaction
steps of the dioxygenation (i.e., O2 activation and two C–O bond formation steps, see
below) is limiting the rate of substrate transformation. To this end, eq. 4.5 for AKIEs
of a multi-step reaction was simplified for 3 scenarios as detailed in section S4.7. (ii)
We calculated the commitment factors (k5 /k4 and k3 /k2 · k5 /k4 ) from eq. 4.5 from a
comparison of theoretical KIEs with experimental AKIE-values to obtain insights into
the relative barrier heights of the transition states of the 3 reaction steps. 142,143

AKIE =

EIE1 · EIE3 · KIE5 + EIE1 · KIE3 · k5 /k4 + KIE1 · k3 /k2 · k5 /k4
1 + k5 /k4 + k3 /k2 · k5 /k4

(4.5)

where KIEn and EIEn are the theoretical kinetic and equilibrium isotope effects of the
multi-step reaction discussed below. Equation 4.5 for C and H isotopes was solved for
the two commitment factors, which are identical for both elements. Finally, k5 /k4 and
k3 /k2 · k5 /k4 were interpreted in terms of differences of the Gibbs free energies, ∆∆G,
between transition states as shown in section S4.7 (eqs. S4.22-S4.23).

4.3
4.3.1

Results and Discussion
Isotope fractionation during dioxygenation by NBDO: 4Nitrotoluene

Our approach for the study of isotope effects associated with nitroarene dioxygenations
is exemplified here in detail for the transformation of 4-nitrotoluene by NBDO, while
we present the results for other substrates in more aggregated form in the following
section. Figure 4.1a shows the disappearance of 4-nitrotoluene within 3.3 hours during incubation with E. coli clones expressing NBDO (7.9 g L−1 ). The dioxygenation
products 4-methylcatechol and nitrite were produced in equal amounts during the entire
experiment and accounted for 85% of 4-nitrotoluene losses (Figure 4.1a). Oxidation of
the methyl group leading to 4-nitrobenzyl alcohol contributed to 8% to the disappearance of 4-nitrotoluene. Additional losses of up to 10% can be explained by sorption of
the substrate to cells, which was observed to the same extend in previous work with
comparable cell densities. 137
The carbon isotope signatures, δ 13 C, of 4-nitrotoluene increased during the transformation of 4-nitrotoluene by NBDO (Figure 4.1b) indicating a preferential dioxygenation
of 12 C isotopologues and accumulation of 13 C in the remaining substrate. This trend
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Figure 4.1: (a) Concentrations and (b) carbon isotope signatures of 4-nitrotoluene (4-NT,
red squares), 4-methylcatechol (4-MC, dark blue circles), 4-nitrobenzyl alcohol (4-NBA, yellow triangles), and nitrite (NO2– , light blue diamonds) in an experiment with E. coli clones
expressing NBDO. Mass balances (green hexagons) represent the sum of concentrations or
isotope signatures (weighted by concentrations) of the three organic compounds. Solid lines
show pseudo-first-order kinetics or nonlinear regressions of eq. 4.1 (4-nitrotoluene) and eq.
S4.1 (products). Dashed lines show the ±0.5
interval around the initial substrate isotope
signature. Error bars represent standard deviations of triplicate measurements.
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is reflected in the δ 13 C-values of the dioxygenation product 4-methylcatechol, which
is depleted in 13 C isotopologues at an early stage of the reaction. At the end of the
reaction, the δ 13 C of 4-methylcatechol (−28.8 ± 0.1h) was below the initial δ 13 C of
4-nitrotoluene (−27.8 ± 0.1h). This small mismatch is consistent with the fact that the
C isotopes of 4-nitrotoluene not only end up in 4-methylcatechol but also to a minor
extent in 4-nitrobenzyl alcohol (< 9%). While δ 13 C-values of 4-methylcatechol are more
negative than those of the substrate, δ 13 C of 4-nitrobenzyl alcohol are more positive.
The excellent C isotope mass balance shown in Figure 4.1b implies that the two reactions (dioxygenation and methyl group oxidation) were the only isotope fractionating
processes in our experimental system.
The bulk C isotope enrichment factor of 4-nitrotoluene (C ) amounted to −1.4±0.4h.
13
The one for the dioxygenation reaction (diox
C ) cannot be determined from δ C-values
of 4-methylcatechol without implicit assumptions for the isotope fractionation of the
reaction leading to 4-nitrobenzyl alcohol. The much more positive δ 13 C values for 4nitrobenzyl alcohol imply the formation of a common intermediate for both dioxygenation and methyl group oxidation. This finding is puzzling and difficult to reconcile with
the fact that in non-heme Fe dioxygenases, reactive oxygen species and aromatic substrates are bound in a way that is very specific for the catalyzed reaction 112,151,152 (see
section S4.5 for details and Elsner at al. 127 regarding data evaluation). The C -value for
dioxygenation is approximately 10h more negative than the one for methyl group oxidation. The small share of methyl group oxidation, however, makes this quantification
very uncertain and we refrain from quantifying diox
for 4-nitrotoluene.
C

4.3.2

Isotope fractionation during dioxygenation of different
substrates by NBDO

We examined the C and H isotope fractionation of the reactions of 6 different substrates with NBDO, namely 2-, 3-, 4-nitrotoluene, 2,6-dinitrotoluene, naphthalene, and
nitrobenzene. The results are summarized in Table 4.1. Data for the transformation of
2-nitrotoluene and nitrobenzene by NBDO were taken from previous work. 137 Nitrobenzene, 3-nitrotoluene, and 2,6-dinitrotoluene exclusively underwent a dioxygenation reaction as quantified by the reaction products NO2– and the corresponding substituted
catechols (Figures S4.5-S4.6). Naphthalene also reacted through dioxygenation as shown
by Lessner et al., 111 however, no product analysis was carried out due to the lack of standard material. Substituted nitrobenzyl alcohols, which are indicative for methyl group
oxidations, were found only in experiments with 2- and 4-nitrotoluene as substrates.
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±
±
±
±

H
(h)

γdiox b
(-)

g

1.00
0.55
1.00
0.91
1.00

1.00
0.93
0.96 h
1.00 i

–0.4 ± 0.1

–0.6 ± 0.1

d

–4.1 ± 0.2 c
–2.5 ± 0.2 c
–1.4 ± 0.1

diox
C
(h)

1.005
1.004
1.004
1.003

1.025
1.018
1.010
1.010
1.008
1.004

±
±
±
±

±
±
±
±
±
±

0.001
0.001
0.001 e
0.001

0.001 c
0.001 c
0.001
0.002 e
0.003
0.001

13
C-AKIE
(-)

13 C-

1.017 ± 0.006

1.128 ± 0.029
1.120 ± 0.007

1.019 ± 0.012

1.027 ± 0.008 c

2
H-AKIE
(-)

diox ),
Table 4.1: Bulk isotope enrichment factors (C , H ), ΛH/C -values, γdiox , dioxygenation-specific isotope enrichment factors (C
and 2 H-AKIEs for the dioxygenation of different (nitroaromatic) substrates by NBDO and 2NTDO. a

entry

nitrobenzene
2-nitrotoluene
3-nitrotoluene
4-nitrotoluene
2,6-dinitrotoluene
naphthalene

Nitrobenzene dioxygenase (NBDO)
1
2
3
4
5
6

nitrobenzene
2-nitrotoluene
3-nitrotoluene
4-nitrotoluene

2-Nitrotoluene dioxygenase (2NTDO)
7
8
9
10

a
b
Uncertainties correspond to 95%-confidence intervals;
Relative amount of dioxygenation products compared to the sum
of dioxygenation and methyl group oxidation products; c Data from Pati et al. 137 ; d Not determined (see section S4.5 for
e
f
details);
Calculated from substrate isotope fractionation (C );
Calculated as H /C ;
g
h
No product standard available;
Combined contribution of 3-methylcatechol (66%) and 4-methylcatechol (30%);
Combined contribution of 4-methylcatechol (50%) and 2-methyl-5-nitrophenol (50%)
i
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We found very different C and H isotope enrichment factors (C and H , Table 4.1)
for the disappearance of the various substrates. While C for nitrobenzene was moderately large (−3.7 ± 0.2h), the C -value for 3-nitrotoluene was almost negligible and
difficult to quantify (−0.4 ± 0.2h). C isotope enrichment factors for the dioxygenation
13
of NACs, diox
C , which were determined from the δ C of the corresponding catechols,
also varied considerably from −1.4 ± 0.1h to −4.1 ± 0.2h (Table 4.1, entries 1 and
3). Despite these noticeable substrate-specificities, the correlation of C and H isotope
signatures (δ 13 C vs. δ 2 H) and the corresponding correlation slopes (ΛH/C ) suggest a
common reaction mechanisms for the transformation of the three nitrotoluene isomers.
As shown in Figure 4.3a, ΛH/C -values were identical, despite the fact that the relative
proportion of substrate undergoing dioxygenation, γdiox , was different. In fact, γdiox was
large for 3- and 4-nitrotoluene (i.e., 1.00 and 0.91, Table 4.1, entries 3 and 4) and thus
dioxygenation can be expected to have dominated the correlation between H and C
isotope fractionation. Methyl group oxidation of 2-nitrotoluene, which happens to the
same extent as dioxygenation, was not subject to significant C and H isotope fractionation 137 (see section S4.5 for current assumptions regarding data evaluation). Thus, even
though there is good evidence for dioxygenation to be responsible for nitrotoluene isotope fractionations, diox
C -values were distinctly different for each nitrotoluene isomer. As
will be discussed further below, we hypothesize that this phenomenon originated from
contributions of isotope insensitive but partially rate-limiting reaction steps preceding
dioxygenation.
A rigorous quantitative comparison of ΛH/C -values for nitrotoluenes with those for
nitrobenzene, 2,6-dinitrotoluene, and naphthalene was hampered by the different number of C and H atoms of the substrates, although the differences in the number of C and
H atoms between nitrobenzene and nitrotoluenes are small. Nitrobenzene contains less
H (5 vs. 7) and less C atoms (6 vs. 7) than nitrotoluene so that ΛH/C for nitrobenzene
should be larger (20%) than for nitrotoluene if the mechanisms, and thus intrinsic KIEs
of dioxygenation were identical. Our experiments show that the ΛH/C for nitrobenzene
(1.7 ± 0.5) was within the expected range for a common rate-limiting reaction step during transformation of nitrobenzene and nitrotoluenes. In fact, ΛH/C for nitrobenzene
was identical within experimental uncertainty of ΛH/C of the three nitrotoluenes (between 1.5 ± 2.2 and 2.8 ± 1.2, Table 4.1). Note that the large uncertainty of ΛH/C for
3-nitrotoluene originated from the small extent of C and H isotope fractionation. ΛH/C values for 2,6-dinitrotoluene and naphthalene were 15 ± 4 and 40 ± 28, respectively,
and thus much larger than what could be explained with the differences of the number
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of H and C atoms alone. Therefore, correlations of C and H isotope fractionation for
the dioxygenation of the six substrates by NBDO imply dioxygenation by at least two
different reaction pathways, that is one for nitrobenzene and nitrotoluene isomers and
another one for 2,6-dinitrotoluene and naphthalene.

4.3.3

Kinetic isotope effects and mechanism of nitroarene dioxygenation by NBDO

Different reaction mechanisms have indeed been proposed for the dioxygenation of
aromatic compounds. In principle, dioxygenations can occur through concerted or
step-wise hydroxylation of two aromatic C atoms by Fe(III)-hydroperoxide and Fe(V)oxo-hydroxide species. 25,57 Computational evidence for nitrobenzene dioxygenation by
NBDO suggests that the pathway shown in Figure 4.2 is energetically most favorable. 129
Binding of the substrate is a prerequisite for activation of O2 in non-heme Fe oxygenases. 112,153 Therefore, binding of nitrobenzene occurs before formation of an Fe(III)hydroperoxide species (1a, Figure 4.2) in the active site of NBDO. Cleavage of the O–O
bond in 1a results in an Fe(V)-oxo-hydroxide complex (1b). The latter reacts with the
nitroaromatic substrate in a step-wise manner so that two C–O bonds are formed in two
subsequent steps. The first C–O bond formation step occurs at the C-2 atom and results
in a radical intermediate (2), which undergoes a second C–O bond formation at C-1 to
yield a cis-dihydrodiol (3). NO2– is eliminated spontaneously from 3 and catechol is the
first organic product detectable during the dioxygenation reaction (not shown in Figure
4.2).
We have calculated the position-specific 13 C- and 2 H-KIEs of nitrobenzene (Table
S4.2) for the forward and backward reactions shown in Figure 4.2 to identify rate-limiting
reaction step(s) as well as the origin of the observed C and H isotope fractionation. In
Table 4.2, we compiled theoretical values for KIEs at the reactive positions, C and H
isotope enrichment factors (∗C and ∗H ), and Λ∗H/C -values under the assumption that one
of the 3 elementary reaction steps (i.e., 1a → 1b, 1b → 2, or 2 → 3) was exclusively
rate-limiting (see section S4.7 for details). Theoretical nitrobenzene isotope fractionation
during the oxygen activation step (1a → 1b) was negligible compared to the subsequent
oxygenation reactions. Our calculations show that ∗C -values for a rate-limiting step 1b
→ 2 or 2 → 3 were similar (−10.1h and −9.0h, respectively, Table 4.2) and much
larger than experimental observations (−4.1 ± 0.2h, Table 4.1). While theoretical H
isotope fractionation was inverse for a rate-limiting step 1b → 2, it was normal for
a rate-limiting step 2 → 3. Experimental C and H isotope fractionation, however,
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Figure 4.2: Proposed mechanism of nitrobenzene dioxygenation by NBDO 129 with rate
constants of elementary reaction steps k1 through k5 . Initial O–O bond cleavage in the Fe(III)hydroperoxide complex (1a) results in an Fe(V)-oxo-hydroxide complex (1b) that reacts with
the nitroaromatic substrate in a step-wise dioxygenation. The first C–O bond formation step
occurs at the C-2 atom of the substrate and results in a radical intermediate (2) that undergoes
a second C–O bond formation at the C-1 atom to yield the cis-dihydrodiol product.

can only be explained with the reactions shown in Figure 4.2 with an overall normal
theoretical H isotope fractionation. Therefore, the last step (2 → 3) must at least partly
limit the rate of nitrobenzene dioxygenation. In fact, ΛH/C and Λ∗H/C -values agreed very
well (1.7 ± 0.5 vs. 2.0, Table 4.1, entry 1 and Table 4.2). However, the fact that
the theoretical ∗C for 2 → 3 was significantly larger than the experimental diox
C -value
also implies that a single rate-limiting step cannot reconcile theory and experiment.
Consequently, multiple elementary reactions were responsible for the observable isotope
fractionation during nitrobenzene dioxygenation by NBDO.
We hypothesize that the experimental 13 C- and 2 H-AKIEs of the dioxygenation of
nitrobenzene by NBDO (1.025 ± 0.001 and 1.027 ± 0.008, Table 4.1, entry 1) resulted
from combined contributions of an O2 activation step (1a → 1b) and the second C–O
bond formation step (2 → 3). From experimental AKIEs, which reflect the overall isotope effect of all elementary reactions, and theoretical KIEs we derived the commitment
factors k3 /k2 · k5 /k4 and k5 /k4 according to eq. 4.5. The results are shown in Table
S4.3. The commitment factors can be interpreted as the relative barrier heights, ∆G‡TS ,
pertinent to the transition states of the reactions displayed in Figure 4.2. 143,144 The procedure is described in detail in section S4.7 and illustrated in Figure S4.4. The resulting
range of the commitment factor k5 /k4 was 0.12 − 0.52 (Table S4.3), which implies that
the free energy of the transition state between species 2 and 3, ∆G‡TS2/3 , was 2 − 5 kJ
mol−1 higher than ∆G‡TS1b/2 (i.e., the free energy of TS1b/2 ). In addition, the range of
k3 /k2 · k5 /k4 amounted to 1.6 − 2.5 (Table S4.3) and thus exceeded k5 /k4 by a factor
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of 5 − 10. Consequently, the free energy of the TS1a/1b (∆G‡TS1a/1b ) was approximately
2 kJ mol−1 higher than ∆G‡TS2/3 and, thus, the barrier heights for the 3 reaction steps
decreased in the order ∆G‡TS1a/1b > ∆G‡TS2/3 > ∆G‡TS1b/2 . The commitment factors support the notion that the rate of nitrobenzene dioxygenation by NBDO was determined
by the two elementary reactions 1a → 1b and 2 → 3. As a consequence, the magnitude
of the experimental 13 C- and 2 H-AKIEs for nitrobenzene were determined by contributions from the enzymatic O2 activation and from bonding changes during the second C
oxygenation.

Table 4.2: 13 C- and 2 H-KIE∗ -values for reactive positions (C-1, C2, H-1), ∗ -, and Λ∗H/C -values calculated from theoretical positionspecific KIEs of nitrobenzene dioxygenation by NBDO in Table
S4.2 assuming that one of the three steps in Figure 4.2 is exclusively
rate-limiting.

parameter

rate-limiting step
k

1a −−1→ 1b
C-KIE∗C-1 a
13
C-KIE∗C-2 a
∗C (h)

k

1b −−3→ 2

13

H-KIE∗H-1 a
∗H (h)

1.027
−0.7

1.041
−10.1

−9.0

−1.8

0.925
11.2

−18.0

2.6

−1.1

2.0

2

Λ∗H/C = ∗C /∗H

k

2 −−5→ 3

a

Theoretical position-specific KIEs at C-1, C-2, or H-1 atom
of nitrobenzene (see section S4.7 for details)
The same reasoning can be applied to explain the variations of 13 C-AKIEs for the
dioxygenation of the three nitrotoluene isomers by NBDO because the combined C and
H isotope fractionation (i.e., ΛH/C -values) suggested that the reaction mechanisms of
the dioxygenation of nitrotoluenes and nitrobenzene were the same. 13 C-AKIE-values
decrease from 1.018 ± 0.001 to 1.010 ± 0.001 in the order 2-nitrotoluene > 4-nitrotoluene
≈ 3-nitrotoluene (Figure 4.3c, Table 4.1, entries 2-4) indicating increasing contributions
from O2 activation. This interpretation is supported by the commitment factors shown
in Table S4.3. In case of 3-nitrotoluene dioxygenation by NBDO, O2 activation may
even be exclusively rate-limiting given that only negligible C isotope fractionation was
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observed. Note that we were not able to derive meaningful commitment factors for the
dioxygenation of 2,6-dinitrotoluene by NBDO with the same mechanistic assumptions
as for nitrobenzene and nitrotoluene isomers (Figure 4.2, eq. 4.5), which supports the
interpretation of the larger ΛH/C -values. The latter were taken as evidence for a different
dioxygenation mechanism.

4.3.4

Kinetic isotope effects of NAC dioxygenation by 2-nitrotoluene dioxygenase (2NTDO)

We carried out a similar series of experiments with 2-nitrotoluene dioxygenase (2NTDO)
to investigate whether the substrate dependence of dioxygenation KIEs, as seen for
NBDO, also applies to other nitroarene dioxygenases. Isotopic enrichment factors for
substrate disappearance (C , H ) and dioxygenation (diox
C ), as well as γdiox , ΛH/C -, and
AKIE-values are compiled in Table 4.1 (entries 7-10). A detailed description of the reaction kinetics, product formation, and isotope fractionation in experiments with 2NTDO
is provided in section S4.9.
The relative proportions of substrate dioxygenation (γdiox ) by 2NTDO exceeded 93%
and were, thus, larger than for NBDO, which is in agreement with previous studies. 111,114
This effect may be due to a bigger substrate pocket of 2NTDO for the accommodation
of the CH3 -substituents. 58 Oxidation of the CH3 -group was only observed for 2- and
3-nitrotoluene (Table 4.1, entries 8 and 9). The sum of substrate and product concentrations in experiments with 3- and 4-nitrotoluene was below 70% of initial substrate
concentrations indicating an additional, so far unknown pathway of substrate removal
by 2NTDO. The formation of 2-methyl-5-nitrophenol from 4-nitrotoluene as well as two
methylcatechol isomers from 3-nitrotoluene point towards a less regiospecific dioxygenation of nitrotoluenes by 2NTDO compared to NBDO.
C isotope fractionation for all four NACs with 2NTDO was always small, that is the
largest C -values did not exceed −0.8 ± 0.2h and, therefore, did not reveal a notable
substrate dependence. H isotope fractionation was also small but comparable to that
observed with NBDO. The correlation of C and H isotope fractionation is illustrated in
Figure 4.3b for the transformation of the three nitrotoluene isomers by 2NTDO. The
trend lines as well as ΛH/C -values were similar for 2- and 3-nitrotoluene suggesting again
a common reaction mechanism. The same interpretation holds for 4-nitrotoluene but due
to the almost negligible C isotope fractionation, the ΛH/C -value had a high uncertainty.
As observed with NBDO, the ΛH/C -value for nitrobenzene dioxygenation by 2NDTO was
smaller than for the dioxygenation of nitrotoluene isomers by 2NTDO. The comparison
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Figure 4.3: Two dimensional isotope fractionation (δ 2 H vs δ 13 C) for transformations of
2-nitrotoluene (yellow diamonds), 3-nitrotoluene (blue triangles), and 4-nitrotoluene (red
squares) by NBDO (a) and 2NTDO (b). Solid lines represent linear regressions which have
slopes that equal ΛH/C . (c) 13 C-AKIE-values calculated for the dioxygenation of all nitroaromatic substrates with NBDO (red squares) and 2NTDO (blue diamonds). Error bars represent
95%-confidence intervals.
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of C vs. H isotope fractionation for the four NACs and two nitroarene dioxygenases
shows only minor differences and suggests that the mechanisms of dioxygenation, as
shown in Figure 4.2, were presumably the same with both enzymes. However, the
uncertainties associated with ΛH/C are large due to the small C isotope fractionation
measured for the four substrates.
The 13 C-AKIEs for the dioxygenation of nitrobenzene, 2-, 3-, and 4-nitrotoluene by
2NTDO shown in Figure 4.3c are substantially smaller than those measured with NBDO
except for 3-nitrotoluene. Based on the reaction mechanism postulated above for the
dioxygenation reactions with NBDO, we hypothesize that rates of NAC dioxygenation
by 2NTDO were mainly determined by the initial O2 activation step. It is likely that
this elementary reaction of 2NTDO exhibited a similarly small isotope sensitivity like
NBDO (1a → 1b, Table 4.2) and, therefore, masked the contribution(s) of the C–O
bond formation step(s) to the observable 13 C-AKIEs. From the very high dioxygenation
yields of 2NTDO (γdiox , Table 4.1), one may also speculate that 2NTDO catalyzed this
reaction more efficiently than NBDO, that is, 2NTDO exhibits a higher commitment to
catalysis.

4.4

Implications for CSIA of aromatic contaminant
biodegradation

The substrate-dependent C isotope fractionation during NAC dioxygenation illustrates
some conceptual challenges associated with the quantitative assessment of biodegradation processes with CSIA. While a correlation of C, H, and N isotope fractionation may
reveal the identity of the transformation pathway, 34,108 a quantification of the reaction
progress implies reliable knowledge of the enrichment factors pertinent to the considered
contaminant and transformation process. However, as shown here for the first time for
oxygenations of aromatic compounds, isotope enrichment factors for a single contaminant and reaction can vary even within a family of structurally very similar enzymes
(NBDO and 2NTDO share 95% of the amino acid residues in the subunit containing
the active site). 111,138 For example, the extent of nitrobenzene dioxygenation associated
with the minimum shift of δ 13 C of ≥ 2h, as recommended by Hunkeler et al. 154 , would
correspond to 42% and 92% of fractional conversion, respectively, depending on whether
the C -values for NBDO and 2NTDO were used.
It is reasonable to assume that the kinetics of O2 activating enzymes reported here
may also affect the C isotope fractionation of the dioxygenation of other recalcitrant
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aromatic contaminants such as alkylated benzenes, polycyclic aromatic hydrocarbons,
and chlorobenzenes by Rieske non-heme iron oxygenases. 13 In fact, the reported 13 C- and
2
H-AKIEs for those compounds are close to unity and in the same range as the numbers
presented here for 2NTDO. 35,37,42,135 Our data suggest that further investigation on the
mechanisms of aromatic carbon oxygenation as well as on the role of O2 activation as
potentially rate-limiting reaction are warranted. This information could help to delineate
cases where CSIA may be appropriate to track biological dioxygenations in contaminated
soils and aquatic systems quantitatively from cases where it is not.
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S4.1

Chemicals

The following chemicals and their purities (in wt-%) were purchased from Sigma-Aldrich
(Buchs, Switzerland): nitrobenzene (99%), 2-nitrotoluene (99%), 3-nitrotoluene (99%),
4-nitrotoluene (99%), 2,6-dinitrotoluene (98%), naphthalene (99%), catechol (99%), 3methylcatechol (98%), 4-methylcatechol (95%), 2-nitrobenzyl alcohol (97%), 3-nitrobenzyl alcohol (98%), and 4-nitrobenzyl alcohol (99%). 2-Methyl-5-nitrophenol (97%)
was purchased from Alfa Aesar (Karlsruhe, Germany). Stock solutions were prepared
in methanol (99.99%). Buffer solutions were prepared in nanopure water (18.2 MΩ · cm,
Barnstead NANO-pure Diamond Water Purification System) and the pH was adjusted
with sodium hydroxide (98%) and hydrochloric acid (32%). Standards HPLC analysis of
naphthalene were prepared in 30 wt-% ethanol in nanopure water. The following chemicals were purchased from various manufacturers and used without further treatment:
potassium phosphate monobasic (KH2 PO4 , 99.5%), kanamycin monosulfate from Streptomyces kanamyceticus (75%), ampicillin sodium salt (95%), β-nicotinamide adenine
dinucleotide reduced disodium salt (NADH, 93%), ammonium ferrous sulfate hexahydrate (99%), sodium nitrite (99%), sulfanilamide (99%), N -(1-naphthyl)ethylenediamine
(99%), sodium chloride (99.5%), sodium persulfate (99%), and phosphoric acid (85%).
The carrier and reference gases for GC/IRMS and LC/IRMS were helium (99.999%), N2
(99.9999%), CO2 (99.999%), and H2 (99.999%) from Carbagas (Rümlang, Switzerland).

S4.2

HPLC analyses

Aromatic compounds were analyzed by reversed-phase liquid chromatography coupled
to UV-vis detection at wavelengths of maximal absorption using a Dionex UltiMate
3000 System (Thermo Scientific). Samples of 10 µL were injected from an autosampler cooled to 10 C. For separation of nitrobenzene and catechol or 3-nitrotluene and
4-methylcatechol, an Xbridge BEH C18 column (50 × 3 mm, 2.5 µm, Waters) was used
with isocratic mixtures of phosphate buffer (10 mM KH2 PO4 , pH 2.5) and methanol
at a flow rate of 0.5 mL min−1 . For analysis of 2,6-dinitrotoluene and naphthalene
a Supelcosil LC-18 column (250 × 4.6 mm, 5 µm, Supelco) was used with isocratic
mixtures of nanopure water and methanol at a flow rate of 1.0 mL min−1 . For separation of 2-nitrotoluene, 3-methylcatechol, and 2-nitrobenzyl alcohol or 4-nitrotoluene,
4-methylcatechol, 4-nitrobenzyl alcohol, and 5-methyl-2-nitrophenol the Xbridge column
was run in a high-temperature HPLC 200 column oven (Scientific Instrument Manufacturer) with a temperature program (10 min at 70 C, 30 C min−1 , 12 min at 160 C) and
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100% phosphate buffer at 0.5 mL min−1 . Separation of 3-nitrotoluene, 3-methylcatechol,
4-methylcatechol, and 3-nitrobenzyl alcohol was achieved on an Accucore aQ C18 column (100 × 2.1 mm, 2.6 µm, Thermo Scientific) using a flow rate of 0.4 mL min−1 .
Initially, a mixture of 85% phosphate buffer and 15% methanol was used. After 7 min,
a linear gradient was run for 2 min changing the methanol content from 15% to 65%
which was then kept for 4 min. Initial conditions were restored within 2 min following
a 5 min re-equilibration prior to the next run.

S4.3

Data evaluation of product isotope signature

Pathway-specific C isotope enrichment factors, jC , (where j stands for dioxygenation,
methyl group oxidation, etc.) were obtained by three different methods using product
and (initial) substrate δ 13 C-values. The results are shown in Table S4.1. The first
two procedures were adapted from previous studies 49,76,127 and are demonstrated in eqs.
S4.1-S4.2 and eq. S4.3, respectively.
bulk
 1 − f (C +1)
δ 13 CP, j + 1
13
= 1 + Dj (δ C)
δ 13 C0 + 1
1−f

jC = Dj (δ 13 C) + bulk
C

(S4.1)
(S4.2)

where δ 13 CP, j is the measured isotope signature of a product of reaction j, δ 13 C0 is
the initial isotope signature of the substrate, f is the fraction of remaining substrate
(c/c0 ), and bulk
is the C isotope enrichment factor reflecting the combined isotope
C
fractionation of all reaction pathways. Dj (δ 13 C) is the deviation of a particular product
isotope signature from the weighted average of all products. 127 In experiments with only
one reaction pathway, Dj (δ 13 C) can be set to zero and bulk
can be substituted with
C
j
C , which is then the only fitting parameter in eq. S4.1. In experiments with multiple
reaction pathways, bulk
has to be treated as a constant value determined with eq. 4.1.
C
13
Consequently, Dj (δ C) is the only fitting parameter of eq. S4.1 in these cases and
jC -values are obtained with eq. S4.2. In addition to the above procedure, jC -values
were calculated from δ 13 Cj -values measured at low substrate conversion (f → 0) as
demonstrated in eq. S4.3. Note that C isotope signatures measured for small product
concentrations are associated with larger uncertainties in δ 13 Cj and consequently also
more uncertain jC -values.
δ 13 Cj + 1
−1
(S4.3)
jC ≈ 13
δ C0 + 1
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(a) Scenario 1
εdiox

(b) Scenario 2

Pdiox
S

S
εCH3-ox

PCH3-ox

εbulk

εdiox

Pdiox

εCH3-ox

PCH3-ox

I

Figure S4.1: The two scenarios used for the kinetic model described in eqs. 4.2-4.3 and
above, where diox , CH3 -ox , and bulk are the corresponding isotope enrichment factors for
each reaction step, S is the nitroaromatic substrate, I is a common intermediate, Pdiox and
PCH3 -ox are the dioxygenation and CH3 -group oxidation products, respectively.

The third procedure is presented in the main manuscript and involves a set of differential equations to derive jC from the ratio of formation rates of light and heavy product
isotopologues in reaction j. Input data for this method of data treatment are concentrations and isotope signatures of the substrate and at least one product over the time
course of an entire experiment. This kinetic model was used for two different scenarios.
Scenario 1 (see left side of Figure S4.1) describes the situation where the formation
of substituted catechols and nitrobenzyl alcohols occurs by two independent reaction
pathways. This scenario was evaluated for all experiments where product concentrations and isotope signatures were measured. Scenario 2 (see right side of Figure S4.1)
describes the situation where initial formation of a common intermediate is followed by
two independent steps leading to the formation of substituted catechols and nitrobenzyl alcohols. This scenario was evaluated for experiments 4-nitrotoluene with NBDO
where CH3 -group oxidation occurred as a side reaction. Under these circumstances, the
4-nitrobenzyl alcohol was strongly enriched in 13 C.
The method used to derive jC -values is identical for both scenarios (see eq. 4.2).
However, the number of differential equations is smaller for scenario 1 (6 differential
equations) than scenario 2 (8 differential equations) due to the fact that in scenario 2,
an additional species “I” (common intermediate, Figure S4.1) was introduced. Consequently, the two scenarios also differ with regard to the definition of jC -values. In
CH -ox
scenario 1, diox
and C 3 describe the isotope fractionation associated with the reC
action of the substrate to the dioxygenation product or to the CH3 -group oxidation
CH -ox
product, respectively (see Figure S4.1). In scenario 2, diox
and C 3 describe the
C
isotope fractionation associated with the reaction of the common intermediate to the
dioxygenation and to the CH3 -group oxidation product, respectively (see Figure S4.1).
CH -ox
diox
and C 3 from scenario 2 thus explicitly depend on the product distribution.
C
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The isotope fractionation associated with the reaction of the substrate to the common
intermediate is described by the bulk C isotope enrichment factor (bulk
C ) measured in
the substrate, which was treated as a constant for this model. Furthermore, while the
kinetic model for scenario 1 allowed for inverse KIEs and positive jC -values (in order
to fit the measured isotope signatures of 4-nitrobenzyl alcohol), scenario 2 only allows
normal KIEs and thus negative jC -values. This assumption is justified by previous observation of normal C and H isotope fractionation for the oxidation of nitroaromatic
CH -ox
compounds. 34,107 However, as a consequence of this boundary condition, C 3 was 0
for scenario 2 with 4-nitrotoluene.
Table S4.1: Comparison of dioxygenation-specific C isotope enrichment factors (diox
C ) for
nitrobenzene (NB), 2-nitrotoluene (2-NT), 3-nitrotoluene (3-NT), and 4-nitrotoluene (4-NT)
from experiments with nitrobenzene dioxygenase (NBDO) and 2-nitrotoluene dioxygenase (2NTDO). a
NBDO
data evaluation method
initial product fractionation c
total product fractionation d
kinetic model, scenario 1 e
kinetic model, scenario 2 e
a

NB b

2-NT b

3-NT

–3.6 ± 0.6
–4.5 ± 0.1
–4.1 ± 0.2

–3.2 ± 1.0
–2.0 ± 0.4
–2.5 ± 0.2

–0.6 ± 0.1
–1.2 ± 0.6
–1.4 ± 0.1



2NTDO
4-NT

2-NT

±
±
±
±

–1.2 ± 0.1
–0.6 ± 0.2
–0.6 ± 0.1

–3.1
–3.0
–3.4
–9.9

0.5
0.5
0.5
3.9 f

b
All values are given in
with 95%-confidence intervals;
Data from Pati et al. 137 ;
c
d
e
f
for scenario 2,
eq. S4.3;
eqs. S4.1-S4.2;
eqs. 4.2-4.3;
Note the different meaning of diox
C
diox
which does not correspond to that of C shown in Table 4.1. See section S4.3 for explanations.
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S4.4

Derivation of apparent kinetic isotope effects
for multi-step reactions

In the following, an equation for apparent kinetic isotope effects (AKIE) as a function
of elementary rate constants is derived according to Cleland 142 for the reaction scheme
of nitrobenzene dioxygenation by NBDO shown in eq. S4.4 and Figure S4.2.
k

k

k2

k4

k5
1
3
1a −
)−
−*
− 1b −
)−
−*
− 2 −−→ 3

(S4.4)

where 1a represents free substrate and free enzyme, 1b is the activated enzyme-substrate
complex, 2 is the enzyme-intermediate complex after the first C–O bond formation, 3
represents free product and enzyme after the second C–O bond formation, and k1 to k5
are rate constants of the forward and backward elementary reactions. The derivation
starts with a set of differential equations given in eqs. S4.5-S4.7, which are set up by
assuming steady-state concentrations of the two intermediate species (1b and 2).

NO2

HO
NO2 Fe(IV)

NO2

1

1
2

1
2

k1
k2

R

1a

O
H

k5

k4
R

+ Fe(III)-OOH

2

k3

O2N OH
OH
1
2
H

R

O

R

+ HO Fe(V)

+ Fe(III)

1b

2

3

Figure S4.2: Proposed mechanism of nitrobenzene dioxygenation by NBDO. Initial O–O
bond cleavage in the Fe(III)-hydroperoxide complex (1a) results in an Fe(V)-oxo-hydroxide
complex (1b) that reacts with the nitroaromatic substrate in a step-wise dioxygenation. The
first C–O bond formation step occurs at the C-2 atom of the substrate and results in a radical
intermediate (2) that undergoes a second C–O bond formation at the C-1 atom to yield the
cis-dihydrodiol product (3).

d[1a]
= k2 · [1b] − k1 · [1a] = −kobs · [1a]
dt

(S4.5)

d[1b]
= k4 · [2] + k1 · [1a] − (k2 + k3 ) · [1b] = 0
dt

(S4.6)

d[2]
= k3 · [1b] − (k4 + k5 ) · [2] = 0
dt
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where [1a], [1b], and [2] represent concentrations of the respective species from eq. S4.4,
and kobs is the apparent pseudo-first order rate constant. By solving eq. S4.7 for [2],
one obtains eq. S4.8, which can be inserted into eq. S4.6 to give eq. S4.9. Eq. S4.9 can
be used to eliminate the concentration terms in eq. S4.5 resulting in eq. S4.12.

[2] =
[1b] =

k3
· [1b]
k4 + k5

(S4.8)

k1 · [1a] · (k4 + k5 )
k2 · k4 + k2 · k5 + k3 · k5

(S4.9)

d[1a]
k1 · k2 · (k4 + k5 ) · [1a]
=
− k1 · [1a]
dt
k2 · k4 + k2 · k5 + k3 · k5
=

kobs =

(S4.10)

−k1 · k3 · k5
· [1a] = −kobs · [1a]
k2 · k4 + k2 · k5 + k3 · k5

(S4.11)

k1 · k3 · k5
k2 · k4 + k2 · k5 + k3 · k5

(S4.12)

From eq. S4.12 one can derive an expression for the apparent kinetic isotope effect
(AKIE), which is the ratio of observable rate constant for light (kobs ) and heavy isotopes
0
(kobs
) as shown in eqs. S4.13-S4.16.

AKIE =

k1 · k3 · k5 · (k20 · k40 + k20 · k50 + k30 · k50 )
kobs
=
0
kobs
k10 · k30 · k50 · (k2 · k4 + k2 · k5 + k3 · k5 )

(S4.13)

k50 k5 k30 · k50
·
+
k4 k5 k2 · k4
k5 k3 · k5
1+
+
k4 k2 · k4

1/KIE2 · 1/KIE4 + 1/KIE2 ·
= KIE1 · KIE3 · KIE5 ·

1/KIE2 · 1/KIE4 + 1/KIE2 · 1/KIE5 ·
= KIE1 · KIE3 · KIE5 ·
1+

(S4.14)

k5 k30 · k50 · k3 · k5
+
k4 k2 · k4 · k3 · k5

k5 k3 · k5
+
k4 k2 · k4
(S4.15)

EIE1 · EIE3 · KIE5 + EIE1 · KIE3 ·
=

k5
k3 · k5
+ KIE1 ·
k4
k2 · k4

k5 k3 · k5
1+
+
k4 k2 · k4
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where the kinetic isotope effects of elementary reaction n, KIEn , are the ratios of the
elementary reaction rate constant for light and heavy isotopic substitution, kn /kn0 , respectively. The equilibrium isotope effects EIE1 and EIE3 follow from the ratios of KIE1
to KIE2 and KIE3 to KIE4 , respectively. Eq. S4.16 is identical to eq. 4.5.

S4.5

Interpretation of product isotope fractionation

S4.5.1

Data evaluation of scenarios 1 and 2 for reactions of
4-nitrotoluene

The product isotope fractionation shown in Figure 4.1b of the main manuscript shows
that 4-nitrobenzyl alcohol is strongly enriched in 13 C. This observation can be explained
with two scenarios (see Figure S4.1). In scenario 1, the two concomitant reactions, dioxygenation and CH3 -group oxidation, occur completely independent of each other, thus,
the isotope fractionation measured in the two products directly represents the isotope
fractionation of the two underlying reactions. However, in the case of 4-nitrotoluene
this scenario implies that the CH3 -group oxidation is associated with an unusual inverse
3 -ox
and CH
from the kinetic model described in section S4.3
AKIE. The resulting diox
C
C
were −3.4 ± 0.5h and +5.5 ± 5.0h, respectively. CH3 -group oxidation catalyzed by
NBDO was calculated to occur through a hydrogen atom abstraction followed by an
oxygen rebound step, 155 neither of which steps are in agreement with an inverse KIE
(data not shown). Consequently, a second scenario is considered to explain the observed
isotope fractionation of 4-nitrobenzyl alcohol.
In scenario 2, the nitroaromatic substrate initially reacts to a common intermediate
(I), which is subsequently transformed to 4-methylcatechol and 4-nitrobenzyl alcohol. In
this scenario, the isotope fractionation of all three involved reaction steps were assumed
to be normal based on previous observation of normal C and H isotope fractionation for
the oxidation of nitroaromatic compounds. 34,107 The isotope fractionation for the initial
reaction step leading to the I is given by the measured substrate isotope fractionation
(bulk
= −1.4 ± 0.4h). For the following two reaction steps, the modelled diox
was
C
C
CH3 -ox
−9.9±3.9h whereas C
converged to zero (see section S4.3). Due to the small share
of CH3 -group oxidation (< 9%, Table 4.1), δ 13 C-values of 4-nitrobenzyl alcohol as well as
diox
exhibit large uncertainties. In this scenario, the enrichment of 4-nitrobenzyl alcohol
C
in 13 C is a consequence of the isotopic mass balance. Dioxygenation happens faster than
the oxidation of the CH3 -group of I and exhibits a preference for 12 C-containing I (i.e.,
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a normal 13 C-KIE). As a consequence, the “remaining” I becomes enriched with 13 C.
Transformation by CH3 -group oxidation thus occurs from a pool of intermediate that is
enriched with 13 C. This process leading to isotopically enriched products was reported
previously for the isotope fractionation of competing transformation pathways of other
environmental contaminants. 127

S4.5.2

Chemical structure of hypothetical common intermediates in the oxygenation of 4-nitrotoluene

Despite the good mathematical agreement with scenario 2, the nature of a hypothetical
common intermediate for both dioxygenation and CH3 -group oxidation remains elusive.
Theoretically, compounds 1b and 2 from Figure S4.2 can be hypothesized as potential
common intermediates. A number of experimental observations and theoretical considerations argues against the existence of such a common intermediate.
(a) As shown in Figure S4.3, compound 2 can only form resonance structures with
the radical localized in positions C-1, C-3, and C-5 (compounds 2a, 2b, 2c in Figure
S4.3). A hypothetical benzyl radical species 2d, which may favour CH3 -group oxidation,
is energetically unfavourable 156 and it is unclear how this species could be formed.
Moreover, methyl group oxidation from compound 2d would result most likely in the
formation of 3-hydroxy-4-nitrobenzyl alcohol because the addition of the first O atom
at C-2 is not necessarily reversible. 3-hydroxy-4-nitrobenzyl alcohol, which could have
been measured with our experimental setup, was not observed.
(b) The possibility that compound 1b acts as the common intermediate requires
the substrate to rotate within the active site at least to some extent. Such a process
contradicts current hypotheses on the functioning of non-heme Fe dioxygenases, where
the binding of the organic substrate and O2 occurs (a) prior to oxygen activation and
(b) in a way “that the reactive oxygen is positioned adjacent to the substrate bond that
will be cleaved”. 112,151 A process of substrate re-orientation after an oxygen activation
reaction, as required here to postulate compound 1b as common intermediate, is unlikely
based on the available knowledge for non-heme Fe dioxygenases.
(c) Current evidence from the crystal structure of NBDO 58 and from DFT calculations with 2-nitrotoluene in NBDO 129,155 suggest that different binding modes must exist
to initiate dioxygenation vs. oxidation of the CH3 -group. These observations cannot be
reconciled with the hypothesis of a common intermediate for the two oxygenation reactions. Moreover, the observed substrate C isotope fractionation of 4-nitrotoluene, C , is
−1.4 ± 0.4h and thus too high to account for the formation of a common intermediate
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Figure S4.3: Resonance structures of compound 2 in Figure S4.2 in the case of 4-nitrotoluene
as substrate.

1b.
The interpretation of the C isotope fractionation measured in 4-nitrobenzyl alcohol is
controversial and the uncertainties associated with quantification of product isotope enrichment factors are large. Therefore, we do not report 13 C-AKIEs for the dioxygenation
of 4-nitrotoluene from isotopic analyses of the reaction products. The AKIEs used for
estimation of commitment factors for 4-nitrotoluene dioxygenation were approximated
from the C -value determined from substrate isotope fractionation alone.

S4.5.3

Interpretation of experiments with 2-nitrotoluene

Applying scenario 1 to the transformation of 2-nitrotoluene by NBDO resulted in diox
C
137
3 -ox
and CH
-values
of
−2.5
±
0.2h
and
−0.4
±
0.2h,
respectively.
In
contrast
to
exC
periments with 4-nitrotoluene, results from scenario 1 for 2-nitrotoluene did not suggest
an inverse C isotope fractionation for the oxidation of the CH3 -group. It is therefore
not necessary to imply scenario 2 with a common intermediate for the interpretation of
the isotope fractionation of 2-methylcatechol and 2-nitrobenzyl alcohol. Because data
interpretation with scenario 2 led to controversial results for 4 nitrotoluene, it was not
applied to quantify the isotope fractionation with 2-nitrotoluene as substrate.
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S4.6

Theoretical position-specific kinetic isotope effects
Table S4.2: Theoretical position-specific 13 C- and 2 H-kinetic
isotope effects (KIE) of nitrobenzene dioxygenation by NBDO
and whole compound average 13 C- and 2 H-KIEs for each elementary reaction shown in Figure S4.2.

atom a

KIE1

KIE2

C-1
C-2
C-3
C-4
C-5
C-6
H-1
H-2
H-3
H-4
H-5

1.0004
1.0012
1.0014
1.0010
1.0004
1.0000
1.0093
1.0023
1.0018
0.9982
0.9972

0.9997 1.0035 0.9974 1.0198
0.9987 1.0383 1.0348 0.9988
0.9946 1.0049 0.9968 0.9985
0.9994 1.0034 0.9986 0.9984
1.0002 1.0009 0.9956 0.9975
1.0003 0.9987 0.9961 0.9994
0.9945 0.9117 0.9914 1.0672
1.0004 1.0213 0.9676 1.0002
0.9981 0.9898 0.9898 1.0056
1.0022 1.0161 0.9691 0.9873
1.0030 0.9946 0.9980 1.0018

C-KIEav b
2
H-KIEav c

1.0007
1.0018

0.9988
0.9996

13

a

KIE3

1.0083
0.9867

KIE4

1.0032
0.9832

KIE5

1.0021
1.0124

C-1 refers to the C atom bound to the nitro group, other C

atoms are numbered so that the C-1 and C-2 atoms are attacked
by the enzyme, H-1 refers to the H atom bound to C-2, other H
atoms are numbered accordingly;
b average

value of all 6 position-specific

c average

value of all 5 position-specific 2 H-KIE
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S4.7

Derivation of commitment factors and theoretical C and H isotope enrichment factors

We used eq. S4.16 for two purposes. (i) With position-specific KIEs from Table S4.2,
we derived theoretical C and H isotope enrichment factors, ∗C and ∗H as well as δ 13 C
vs. δ 2 H-correlation slopes, Λ∗H/C with the assumption that only one of the 3 reaction
k

k

k

steps in eq. S4.4 (1a −−1→ 1b, 1b −−3→ 2, or 2 −−5→ 3) is limiting the rate of substrate
transformation. (ii) We calculated the commitment factors (k5 /k4 and k3 /k2 ·k5 /k4 ) from
a comparison of theoretical KIEs with experimental AKIE-values to obtain insights into
the relative barrier heights of the transition states of the 3 reaction steps.
For purpose (i), one can simplify eq. S4.16 for 3 scenarios (denoted a-c here). (a) If
k
1a −−1→ 1b is the rate-limiting step, k2 << k3 and k3 /k2 ·k5 /k4 >> k5 /k4 . Consequently,
all terms in eq. S4.16 that do not contain k3 /k2 · k5 /k4 can be neglected, leading to eq.
S4.17. Note that we use an asterisk (∗ ) to indicate theoretical numbers.
AKIE∗(a) ≈ KIE1

(S4.17)

k

(b) If 1b −−3→ 2 is the rate-limiting step, then k2 >> k3 and k4 << k5 , which
leads to k5 /k4 >> k3 /k2 · k5 /k4 . Consequently, terms that do not contain k5 /k4 can be
neglected and eq. S4.16 simplifies to eq. S4.18.
AKIE∗(b) ≈ EIE1 · KIE3

(S4.18)

k

(c) If 2 −−5→ 3 is the rate-limiting step, then k5 << k4 . It follows that k5 /k4 << 1
and k3 /k2 · k5 /k4 << 1. All terms containing either k5 /k4 or k3 /k2 · k5 /k4 can be
neglected, leading to eq. S4.19.
AKIE∗(c) ≈ EIE1 · EIE3 · KIE5

(S4.19)

Using the averaged, theoretical position specific KIEs (13 C-KIEav and 2 H-KIEav )
from Table S4.2, it is possible to obtain the KIE and EIE terms in eqs. S4.17-S4.19
and therefore values for AKIE∗ for cases (a) to (c). Theoretical ∗C and ∗H as well as
Λ∗H/C -values follow from eqs. S4.20-S4.21.
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∗ =
Λ∗H/C =

1
AKIE∗(a),(b),(c)
∗H
∗C

−1

(S4.20)
(S4.21)

For purpose (ii) the commitment factors (k5 /k4 and k3 /k2 · k5 /k4 ) can be obtained
after inserting average KIEs from Table S4.2 and experimental AKIEs from eq. 4.4 (with
n/x · z = 1) into eq. S4.16. Two forms of eq. S4.16 for C and H isotopes, respectively,
can be used to solve for the two commitment factors because the commitment factors are
identical for both elements. The resulting k5 /k4 and k3 /k2 · k5 /k4 for the 5 nitroaromatic
substrates of NBDO are given in Table S4.3. As theoretical KIEs were only derived for
nitrobenzene, the same KIEs were used for the other NACs assuming that additional
non-reactive atoms showed no isotope effect (KIE = 1).
The commitment factors can be interpreted in terms of differences of the Gibbs free
energies, ∆∆G, between transition states. Eqs. S4.22-S4.23 were applied to derive
∆∆GTS1b/2 −TS2/3 and ∆∆GTS2/3 −TS1a/1b . The procedure is illustrated schematically in
Figure S4.4 and the results are shown in Table S4.3.



∆∆GTS2/3 −TS1b/2 = RT · ln (k5 /k4 )−1
∆∆GTS1a/1b −TS2/3 = RT · ln (k3 /k2 · k5 /k4 )

(S4.22)
(S4.23)

where R is the universal gas constant (8.314 J K−1 mol−1 ) and T is the absolute temperature (298.15 K).
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Table S4.3: Commitment factors (k5 /k4 and k3 k5 /k2 k4 ) and ∆∆G-values (as illustrated
in Figure S4.4) calculated from theoretical KIEs (see Table S4.2) and the 95%-confidence
intervals of experimental AKIEs (see Table 4.1) with eqs. S4.16, S4.22, and S4.23.

substrate

k5 /k4

k3 /k2 · k5 /k4

(-)

∆∆GTS2/3 −TS1b/2
(103

(-)

J

mol−1 )

∆∆GTS1a/1b −TS2/3
(103 J mol−1 )

nitrobenzene

0.12 - 0.52

1.6 - 2.5

1.6 - 5.3

1.2 - 2.3

2-nitrotoluene

0.00 - 0.08

2.4 - 3.5

≥ 6.4

2.2 - 3.1

3-nitrotoluene

0.00 - 2.5

7.0 - 36

≥ −2.2

4.8 - 8.9

4-nitrotoluene

0.00 - 0.58

5.0 - 28

≥ 1.4

4.0 - 8.3

k1
‡
∆GTS1a/1b
‡
∆GTS2/3

k2 k3

k4 k5

TS1a/1b

TS2/3
TS1b/2

energy

‡
∆GTS1b/2

1b
1a

∆∆G1b-TS1a/1b
∆∆G1b-TS1b/2

2

∆∆G2-TS1b/2
∆∆G2-TS2/3

3

Figure S4.4: Illustration of potential energy surface for the reaction mechanism of nitroarene
dioxygenation as shown in eq. S4.4 and Figure S4.2.
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S4.8

Kinetics and isotope fractionation in experiments with NBDO
-23

0.5

3-nitrotoluene
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3-nitrotoluene
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nitrite
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d
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-24
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4
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0.4
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remaining reactant (c/c0)

0.0

Figure S4.5: Left: Concentration trends of 3-nitrotoluene (red squares), 4-methylcatechol
(blue circles), and nitrite (purple triangles), as well as mass balance of 3-nitrotoluene and
nitrite (green diamonds) during incubation of 3-nitrotoluene with NBDO. Solid lines represent
first-order fits of substrate and product data. Right: C isotope signatures of 3-nitrotoluene (red
squares) and 4-methylcatechol (blue circles) vs relative remaining 3-nitrotoluene concentrations
(c/c0 ) during incubation with NBDO. Solid lines represent non-linear least-square fits using
eq. 4.1 for substrate and eq. S4.1 for product isotope signatures. The dashed line shows the
initial substrate signature.
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Figure S4.6: Left: Final concentrations of 2,6-dinitrotoluene (red squares) and nitrite (purple triangles), as well as a mass balance of the two (green diamonds) in assays with NBDO and
various amounts of NADH. Solid lines are shown for ease of reading. Right: C isotope signatures vs remaining concentrations (c/c0 ) of 2,6-dinitrotoluene (red squares) during incubation
with NBDO. The solid line represents a non-linear least-square fit of eq. 4.1.
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Figure S4.7: Left: Concentration of naphthalene in assays containing different NADH concentrations with (red squares) and without (green diamonds) NBDO. Solid lines are shown for
ease of reading. Right: C (red squares) and H (blue diamonds) isotope signatures vs remaining concentrations (c/c0 ) of naphthalene in assays with NBDO. The red solid lines represent
non-linear least-square fits of eq. 4.1.
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S4.9

Kinetics and isotope fractionation in experiments with 2NTDO

All experiments presented herein were performed with an E. coli clone expressing 2NTDO.
An overview of dioxygenation yields and isotope enrichment factors is presented in Table
4.1. The decrease in 2-nitrotoluene concentrations during incubation with E. coli clones
followed pseudo-first order kinetics (Figure S4.8). Formation of the dioxygenation products 3-methylcatechol and NO2– accounted for 85% of substrate turnover. The product
of methyl group oxidation, 2-nitrobenzyl alcohol, was formed to a minor extent (6% of
initial substrate concentrations). Changes in carbon isotope signatures of 2-nitrotoluene
and 3-methylcatechol during incubation with E. coli clones (Figure S4.8) resulted in diox
C
and H of −0.5 ± 0.2 and −3.5 ± 0.6 , respectively.
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Figure S4.8: Left: Concentration trends of 2-nitrotoluene (red squares), 3-methylcatechol
(dark blue circles), 2-nitrobenzyl alcohol (light blue diamonds), and nitrite (purple triangles)
during incubation of 2-nitrotoluene with 2NTDO. Solid lines represent pseudo-first order fits.
Right: C isotope signatures of 2-nitrotoluene (red squares) and 3-methylcatechol (blue circles)
vs relative remaining 2-nitrotoluene concentrations (c/c0 ) during incubation with 2NTDO.
Solid lines represent non-linear least-square fits of eq. 4.1 for substrate and eq. S4.1 for
product isotope signatures. The dashed line shows the initial substrate isotope signature.
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Transformation of nitrobenzene by E. coli clones expressing 2NTDO was linear over
time and the dioxygenation products catechol and NO2– accounted for 82% of total
substrate disappearance (Figure S4.9). C and H were −0.8 ± 0.2 and −3.4 ± 1.2 ,
respectively. A small fraction of the substrate (< 5%) was reduced to aniline by native
E. coli enzymes which was shown to have negligible influence on C and H isotope
fractionation. 137
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Figure S4.9: Left: Concentration trends of nitrobenzene (red squares), catechol (blue circles),
and nitrite (purple triangles) as well as a mass balance of nitrobenzene and nitrite (purple
triangles) during incubation of nitrobenzene with 2NTDO. Solid lines represent linear fits.
Right: C isotope signatures vs relative remaining concentrations (c/c0 ) of nitrobenzene (red
squares) during incubation with 2NTDO. The solid line represents a non-linear least-square
fit of eq. 4.1.
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During transformation of 4-nitrotoluene by 2NTDO, 4-methylcatechol and NO2– were
formed accounting for 31% of initial substrate concentrations (Figure S4.10). In addition, 2-methyl-5-nitrophenol was formed probably by dehydration of a 2,3-dihydroxylated
4-nitrotoluene intermediate. Hence, at least 33% of initial substrate concentrations disappeared due to a 2,3-dioxygenation reaction. To our knowledge, the 2,3-dioxygenation
of nitroaromatic compounds by nitroarene dioxygenases has not been reported before.
Another contrast to previous studies 114 was that 4-nitrobenzyl alcohol was not detected
during the transformation of 4-nitrotoluene by 2NTDO. Overall, the sum of detected
products only accounted for 63% of 4-nitrotoluene transformation by 2NTDO and the
determined diox
and H were −0.4 ± 0.1 and −2.6 ± 1.1 , respectively.
C
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Figure S4.10: Left: Concentration trends of 4-nitrotoluene (red squares), 4-methylcatechol
(blue circles), 2-methyl-5-nitrophenol (purple hexagons), and nitrite (pink triangles) as well as
a mass balance of substrate and all organic products (green diamonds) during incubation of 4nitrotoluene with 2NTDO. Solid lines are shown for ease of reading. Right: C isotope signatures
of 4-nitrotoluene (red squares), 4-methylcatechol (blue circles), and 2-methyl-5-nitrophenol
(purple hexagons) vs relative remaining 4-nitrotoluene concentrations (c/c0 ) during incubation
with 2NTDO. The solid line represents a non-linear least-square fit of eq. 4.1. The dashed
line shows the initial substrate isotope signature.
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During transformation of 3-nitrotoluene by 2NTDO the sum of known dioxygenation and methyl group oxidation products only explained 68% of substrate disappearance
(Figure S4.11). Two dioxygenation products, 3-methylcatechol and 4-methylcatechol,
were formed accounting for 40% and 19% of initial substrate concentrations, respectively. The formation of 3-nitrobenzyl alcohol by CH3 -group oxidation of 3-nitrotoluene
accounted for 3% of substrate disappearance. Hence, we cannot rule out the possibility of a small share of 2,3-dioxygenation of 3-nitrotoluene by 2NTDO as seen for
4-nitrotoluene. Substrate isotope fractionation resulted in a C of −0.6 ± 0.2
and a
H of −5.9 ± 0.7 .
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Figure S4.11: Left: Concentration trends of 3-nitrotoluene (red squares), 3-methylcatechol
(dark blue circles), 4-methylcatechol (purple hexagons), 3-nitrobenzyl alcohol (light blue
double-triangles), and nitrite (pink triangles) as well as a mass balance of substrate and all
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lines represent pseudo-first order fits. Right: C isotope signatures vs relative remaining concentrations (c/c0 ) of 3-nitrotoluene (red squares) during incubation with 2NTDO. The solid
line represents a non-linear least-square fit of eq. 4.1.
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Abstract
Oxygen isotope fractionation of molecular O2 is an important process for the study
of aerobic metabolism, photosynthesis, and formation of reactive oxygen species. The
latter is of particular interest for investigating the mechanism of enzyme catalyzed reactions, such as the oxygenation of organic pollutants, which is an important detoxification
mechanism. We developed a simple method to quantify δ 18 O of dissolved O2 in small
samples using automated split injection for gas chromatography coupled to isotope ratio mass spectrometry (GC/IRMS). After creating a N2 headspace, the dissolved O2
partitions from aqueous solution to the headspace, from which it can be injected into
the gas chromatograph. In aqueous samples of 10 mL and in diluted air samples, we
quantified δ 18 O at O2 concentrations of 16 µM and 86 µM, respectively. The chromatographic separation of O2 and N2 with a molecular sieve column made it possible to use
N2 as headspace gas for the extraction of dissolved O2 from water. We were therefore
able to apply a rigorous δ 18 O blank correction for the quantification of 18 O/16 O ratios
in 20 nmol of injected O2 . The successful quantification of 18 O-kinetic isotope effects
associated with enzymatic and chemical reduction of dissolved O2 illustrates how the
proposed method can be applied for studying enzymatic O2 activation mechanisms in a
variety of (bio)chemical processes.
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Introduction

Oxygen isotope fractionation of molecular O2 is an important phenomenon for the study
of many fundamental processes in (bio)chemistry, earth, environmental, and planetary
sciences, as well as in ecology. Changes of 18 O/16 O and 17 O/16 O ratios reflecting photosynthesis and respiratory activity have been proposed as tracers of primary productivity 157–161 and O isotope based methods have been applied to measure the isotopic
compositions of O2 in laboratory studies as well as in the environment. 162–165 On the
molecular level, fractionation of stable O isotopes is used as a probe for identification of
electron and proton transfer reaction steps as well as O–O bond cleavages of enzymatic
activation of molecular oxygen. 166–168 The 18 O-kinetic isotope effects (18 O-KIEs) of O2
in these reactions reveal the identity of reactive oxygen intermediates in various enzymes 169–172 and recent work suggests that 18 O-KIEs could improve our understanding
of oxygenation mechanisms of organic pollutants, which is an important detoxification
process. 129,173
However, sensitive methods for a simple and robust measurement of O isotope ratios in small samples of dissolved O2 with isotope ratio mass spectrometers (IRMS)
are currently lacking. Existing methods based on dual-inlet IRMS require off-line conversion of O2 to CO2 and are labor-intensive, 174,175 while methods for continuous-flow
measurements by gas chromatography (GC) coupled to IRMS suffer from high quantification limits (150 − 500 nmol of injected O2 ). 176,177 These methods are limited to large
sample volumes (200 − 250 mL) 176,178 or require specific autosamplers or instrumental
modifications 177,179 which are not available in all stable isotope laboratories.
The goal of this work was to develop a simple and sensitive method for the measurement of δ 18 O in dissolved O2 by a commonly used GC/IRMS setup 46 with automated
split injection and a quantification limit below 100 nmol of injected O2 . To this end, we
optimized important instrument parameters, such as split flow, injector temperature,
and injection volume. Furthermore, we tested different headspace gases (N2 and He)
and a blank correction procedure to obtain reliable δ 18 O values. The applicability of the
proposed method was verified in two different types of experimental setups. In the first
experiment, O2 was reduced chemically by Fe2+ and in the second experiment O2 was
reduced enzymatically by glucose oxidase. The results show that O isotope fractionation
can be accurately determined and O isotope enrichment factors (O ) as well as 18 O-KIEs
of O2 activation can be reliably derived from such data.
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5.2
5.2.1

Experimental
Chemicals and solutions

All chemicals and enzymes were purchased from Sigma-Aldrich (Buchs, Switzerland)
and used as received. Gases were obtained from Carbagas (Gümligen, Switzerland).
Buffered solutions were prepared with 4-morpholine-ethanesulfonic acid monohydrate
(MES, 99% purity), sodium acetate (99%), sodium hydroxide (NaOH, 99%), and hydrochloric acid (HCl, 32 %). For O2 consumption experiments, ammonium ferrous
sulfate hexahydrate ((NH4 )2 Fe(SO4 )2 , 99%), sodium sulfite anhydrous (NaSO3 , 97%),
D-(+)-glucose (99.5%), and glucose oxidase from Aspergillus niger (Type VII, 149 800
units/g) were used. All solutions were prepared in nanopure water (18.2 MΩ· cm, Barnstead NANOpure Diamond Water Purification System). O2 free solutions were obtained
by purging heated water with N2 gas (99.999%) for at least 2 h following procedures
for the preparation of anoxic mineral suspensions. 180 Samples containing O2 free water
were prepared in an anaerobic glove box (< 0.1 ppm O2 ) with a N2 atmosphere (Unilab
2010, M.Braun GmbH, Garching, Germany).

5.2.2

Sample preparation

We used four types of sample preparation procedures (labeled I to IV) at approximately
25 C for the validation and application of the proposed method.
Sample preparation procedure I consisted of direct injections of 1 to 10 µL ambient
air with a 10-µL autosampler syringe. Injections were made into the on-column or split
injector of the gas chromatograph as required (see instrument description below). For
procedures II to IV, samples were prepared in clear-glass crimp-top vials with butyl
rubber stoppers and aluminum crimp seals with a volume of 11 mL when closed. O2
concentrations were calculated in all samples except for samples from procedure IV,
where O2 concentrations were measured.
Samples from preparation procedure II were prepared in the glove box and contained
8 mL of O2 free water and 3 mL of N2 headspace. After removing the vials from the
glove box, 30 − 260 µL of air was added to the headspace through the rubber septum
with a gas-tight glass syringe. Blank samples were prepared similarly without addition
of air.
Samples form preparation procedure III were prepared in the glove box by mixing
defined volumes of O2 free water with water that had been equilibrated to ambient air resulting in a final liquid volume of 8 mL and dissolved O2 concentrations of 16 − 250 µM.
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The vials were closed immediately after mixing and removed from the glove box. Partitioning of dissolved O2 from water into the N2 -headspace was facilitated by horizontal
shaking at 200 rpm for 30 minutes prior to isotope ratio measurements. Blank samples
contained 8 mL of O2 free water.
Finally, samples from preparation procedure IV originated from O2 reduction experiments (see below) and were prepared outside of the glove box. Vials were first filled
completely with aqueous solutions and a headspace was introduced after the experiment
was completed. To this end, vials were held upside down while a disposable syringe needle (0.4 mm OD) connected to a N2 gas cylinder was inserted through the butyl rubber
stopper. Subsequently, the needle of an empty, gas-tight glass syringe was also inserted
through the stopper. The syringe filled with aqueous solution while N2 bubbled into the
vial. When the syringe was filled with 2.5 mL of solution, the needle connected to the
gas cylinder was withdrawn. The syringe was removed from the vial once it was filled
with 3 mL of reaction solution to obtain a small constant overpressure in all samples.
Partitioning of O2 into the gas phase was achieved by horizontal shaking at 200 rpm
for 30 minutes while the vials were kept upside down. Blank samples were prepared
identically in vials completely filled with O2 free water.

5.2.3

Measurements of O isotope ratios by GC/IRMS

Ambient air was injected either on-column for reference gas calibration or in split-mode
for testing the reproducibility and linearity of the isotope ratio mass spectrometer.
All headspace samples from procedures II-IV were placed on a Combi PAL autosampler (CTC Analytics, Zwingen, Switzerland) for isotopic analysis. A 2.5 mL gas-tight
headspace syringe (HD-type for CombiPAL/xt, gauge 23) was used to withdraw 250
µL of the headspace from each sample. Before piercing the butyl stoppers, the autosampler syringe was automatically flushed with N2 gas for 1 min. Headspace samples
were injected into the split injector of a Trace GC (Thermo Fisher Scientific, Reinach,
Switzerland), which was operated with a quartz glass split liner (5 mm ID) at 200 C. In
additional tests, the injector temperature was changed to 35 C, 90 C, or 145 C. Helium
(99.999%) was used as the carrier gas with an inlet pressure of 80 kPa and a split flow
of 40 mL min−1 resulting in a split ratio of 14 to 1. Split flows of 10 to 50 mL min−1
were also tested. Separation of O2 from N2 was achieved with a Rt-Molsieve 5Å PLOT
column (Restek from BGB Analytik, Boeckten, Switzerland, 30 m x 0.32 mm ID, 30
µm film thickness) at 30 C resulting in retention times of 4.7 min and 8.3 min for O2
and N2 , respectively. Chromatographic separation of O2 from Ar was not possible with
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this setup, but co-elution of O2 and Ar was shown previously not to interfere with the
measurements of δ 18 O values in O2 . 178
The O2 pulse was introduced into a GC combustion III interface (Thermo Fisher
Scientific) equipped with a Nafion membrane for water removal and subsequently into a
Delta Plus XL isotope ratio mass spectrometer (Thermo Fisher Scientific). δ 18 O values
are reported in per mil (h) (± one standard deviation) relative to Vienna Standard
Mean Ocean Water (VSMOW). δ 18 O values of O2 were determined from the peak areas
of masses 32 and 34 versus reference gas pulses of O2 gas (99.9995%, 2.6 V peak height,
σδ18 O = 0.03h, n= 54), which were introduced into the isotope ratio mass spectrometer
at the beginning of each chromatogram. The δ 18 O value of the reference gas was calibrated against O2 peaks from on-column air injections assuming a constant δ 18 Oair of
23.88h. 181

5.2.4

O2 reduction experiments

O2 reduction experiments were carried out in closed vials containing 11 mL of solution
but no headspace. Dissolved O2 concentrations were monitored continuously with an
optical oxygen microsensor (PreSens - Precision Sensing GmbH), which was introduced
into the closed reaction vessels through a needle. The O2 concentrations measured with
the sensor were temperature-corrected and calibrated with air-saturated water as well
as with water samples, from which O2 was removed with NaSO3 .
O2 reduction by Fe2+ was performed in air-equilibrated MES buffer (50 mM, pH
6.8) at room temperature. 10 − 90 µL of an aqueous (NH4 )2 Fe(SO4 )2 stock solution
(100 mM, pH 2) was added through the rubber stopper resulting in initial Fe2+ concentrations of 90 − 820 µM. After addition of (NH4 )2 Fe(SO4 )2 and vigorous shaking, O2
concentrations decreased over a period of up to 2 h until Fe2+ was exhausted. Final
O2 concentrations were subsequently measured and samples were prepared for isotopic
analysis as described above. Control experiments were prepared similarly but without
the addition of (NH4 )2 Fe(SO4 )2 solution.
O2 reduction catalyzed by glucose oxidase was preformed in a similar manner, but
with a sodium acetate buffer (50 mM, pH 5.0) containing 18 mg/L of the enzyme. To
start the reaction, 10 − 60 µL of a glucose stock solution (50 mM) was added through
the rubber stopper yielding initial concentrations of 45−270 µM. The stock solution
of glucose was prepared in sodium acetate buffer (50 mM, pH 5.0) 4 days before the
experiment to attain equilibrium of α- and β-D-glucose. 171 Control experiments were
prepared accordingly without the addition of glucose solution. Samples were prepared
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for analysis after 30 min of reaction time as described above.

5.2.5

Data evaluation

Blank corrections for diffuse contamination of O2 were made according to Werner and
Brand 182 as shown in eq. 5.1.
δ 18 Ocorr =

δ 18 Omeas · Ameas − δ 18 Oblank · Ablank
Ameas − Ablank

(5.1)

where δ 18 Omeas and Ameas are the isotope signature and peak area obtained from the
measurement of a sample, δ 18 Oblank and Ablank are the values obtained from the measurement of blanks in the same sequence, and δ 18 Ocorr is the resulting blank-corrected
isotope signature of the sample. Unless mentioned otherwise, δ 18 O values always refer
to blank-corrected values. Uncorrected δ 18 O values will be referred to as δ 18 Oraw .
We used Igor Pro software (WaveMetrics Inc., Lake Oswego OR, USA) to quantify
isotope fractionation of dissolved O2 during O2 reduction experiments with a weighted
non-linear least-square regression according to eq. 5.2.
δ 18 O + 1
= (c/c0 )O
δ 18 Oini + 1
18

O-KIE =

(5.2)

1
1 + O

(5.3)

where δ 18 O and δ 18 Oini are blank-corrected O isotope signatures of O2 determined in
samples from O2 reduction experiments and from control experiments representing initial
values, respectively. c/c0 is the fraction of remaining O2 , O is the O isotope enrichment
factor, and 18 O-KIE is the average kinetic isotope effect of both O atoms (eq. 5.3). O
and 18 O-KIE values are reported with 95%-confidence intervals.

5.3
5.3.1

Results and discussion
Reproducibility

We tested the reproducibility of O isotope ratio measurements of O2 from air and
headspace samples with injector and GC column temperatures of 200 C and 30 C, respectively, and with a split ratio of 14 to 1. These instrument parameters ensured sufficiently large IRMS signal intensities while minimizing signals of blank samples. δ 18 Oraw
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from 57 split-injections of air (sample preparation procedure I), which were carried out
over 3 days, resulted in an average value of 23.97 ± 0.16h (Figure 5.1a) that well agreed
with the accepted δ 18 O value of air (23.88 ± 0.02h 181 ).
Figure 5.1b shows δ 18 Oraw values of 83 samples of air-equilibrated water obtained
with sample preparation procedure IV. The samples were measured alternating with 78
samples from O2 reduction experiments in 9 sequences over a time period of 5 weeks. In
samples from O2 reduction experiments, 18 O of O2 was enriched up to 54h compared
to standard samples. δ 18 Oraw of O2 in air-equilibrated water was measured reproducibly
with sequence-averaged values of 23.50±0.14h to 25.75±0.11h (n = 6−12) indicating
the absence of a memory effect between injections of samples containing O2 with different
δ 18 O values. This observation implies that the presented analytical method is applicable
to laboratory studies of dissolved O2 consumption even if samples need to be measured
in different sequences.

5.3.2

Quantification limits for δ 18 O values of O2 in air and water
samples

Figure 5.1c shows the linear relationship between signal area (m/z 32) and injected
amount of O2 (20 − 170 nmol) in samples containing water and headspace (sample
preparation procedure II). Blank samples (procedure II) also caused m/z 32 signal areas
of 1.0 to 1.5 Vs. δ 18 Oraw values increased from 17.71 ± 0.32h to 23.31 ± 0.04h (n = 3)
with increasing amount of injected O2 as shown in Figure 5.1d (red squares). We also
injected 10 − 90 nmol of O2 from ambient air (sample preparation procedure I) but
instead measured precise δ 18 Oraw of 24.00±0.19h (n = 15) except for the smallest signal
size (yellow triangles in Figure 5.1d), which demonstrates a good precision of the mass
spectrometer even at low signal intensities. 183 The different trends in δ 18 Oraw vs. injected
O2 for air injections and headspace samples, however, indicates a contamination due to
diffusive inputs of ambient air during sample injections from headspace vials. The fact
that the contamination occurs due to diffusion of O2 (e.g., through the rubber stopper)
can be inferred from the low δ 18 Oraw value of blank samples (procedure II) compared
to the δ 18 O values of ambient air. By comparing signal intensities from air injections
and headspace samples (data not shown), we estimated that the amount of injected O2
originating from diffusive contamination was 18±2 nmol in all injections from headspace
samples. Although we were not able to reduce these diffusive inputs during injections
from headspace samples, we succeeded in eliminating their contribution to measured
δ 18 O values mathematically.
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Figure 5.1: (a) δ 18 Oraw measured in 57 direct air injections (procedure I) over three days. (b)
δ 18 Oraw measured in 83 standard samples (procedure IV, red circles) and 78 samples from O2
reduction experiments (procedure IV, blue triangles) over 5 weeks. (c) Signal area (m/z 32)
vs. amount of injected O2 for headspace samples from procedures II (red squares) and III (blue
circles). The amount of injected O2 was calculated from manually added O2 without including
contributions from diffusive inputs. Error bars represent one standard deviation from three
(procedure II) or two (procedure III) identical samples. Single data points are shown in Figure
S5.1. The solid line represents a weighted linear regression through all samples of procedure II.
(d) δ 18 O values vs. calculated amount of injected O2 for procedures I (yellow diamonds) and
II (red squares) without blank correction as well as for procedures II (green triangles) and III
(blue circles) with blank correction. Error bars represent one standard deviation from three
(procedure I and II) or two (procedure III) identical samples. Single data points are shown in
Figure S5.1. Lines represent average blank-corrected δ 18 O values of samples from procedure
II (dash line) and III (dash and dot line), respectively.
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We successfully applied the blank correction described in the method section for δ 18 O
values measured in headspace samples resulting in constant and accurate δ 18 O values
as shown in Figure 5.1d. Average δ 18 O values of O2 were 24.09 ± 0.44h (n = 24) in
samples from procedure II and 25.12 ± 0.64h (n = 10) in samples from procedure III.
Measured values agree well with the δ 18 O of O2 in air (23.88h 181 ) and a O isotope
fractionation, ∆δ 18 O, for O2 dissolution in water at 23 C of +0.62h. 184 Our data show
that δ 18 O can be determined reliably for signals areas (m/z 32) exceeding 2.0 Vs, which
correspond to method detection limits of 86 µM O2 in the headspace or 16 µM dissolved
O2 in aqueous samples of 11 mL.
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5.3.3

Additional method parameters

We identified a series of additional method parameters that required to be optimized for
maximizing signal intensities and enabling accurate δ 18 O measurements, namely split
flow, injector temperature, syringe flush time, injection volume, and type of headspace
gas. Figure 5.2a and Figure 5.2b show data for direct air injections (procedure I) at
various levels of split flow and injector temperature. The increase of split flow from 20
to 50 mL min−1 was associated with a decreasing signal intensity (12 to 5 Vs at m/z 32).
δ 18 Oraw values were not affected when the injector was heated to 145 − 200 C (data for
90 C and 145 C are not shown). Nevertheless, measurements at high split flow, lowered
the signal intensities of blank samples (yellow triangles in Figure 5.2a).
In Figure 5.2c, we illustrate the effect of increasing injection volumes on the O2 signal
from blank samples (procedure II) that did not contain any added O2 . Blank signals
strongly increased with increasing injection volumes (250 to 1000 µL). In agreement
with the data shown for the blank correction (Figure 5.1b), small signals resulted in
lower δ 18 O-values. This trend was no longer detectable once injection volumes exceed
500 µL presumably due to an increased amount of diffusive input of O2 during sample
injection approaching the atmospheric δ 18 O value of 23.88h.
Using N2 instead of He as headspace gas in samples from procedure II had a substantial effect on the blank-corrected δ 18 O values as shown in Figure 5.2d. δ 18 O values determined in a N2 headspace were constant for 45−185 nmol of injected O2 (24.45±0.23h),
whereas δ 18 O values determined in a He headspace increased from 21.60h to 23.95h
upon increasing amounts of injected O2 . Consequently, the use of N2 as headspace gas
instead of He enabled accurate δ 18 O measurements at approximately 10-fold lower O2
concentrations.
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Figure 5.2: (a) Signal area (m/z 32) for samples from procedure I and blank samples from
procedure II at various split flows with injector temperatures of 35 C or 200 C. (b) δ 18 Oraw for
samples from procedure I at various split flows with injector temperatures of 35 C or 200 C.
Results for injector temperatures of 90 C and 145 C are not shown, but revealed δ 18 Oraw
within the range shown here. Error bars are standard deviations of three identical samples.
(c) Signal area (m/z 32) and δ 18 Oraw for injections of blank samples (procedure II) at different
injection volumes. (d) Blank-corrected δ 18 O values for samples from procedure II in a He or
N2 headspace.
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5.3.4

Oxygen isotope fractionation during O2 reduction

Reduction of molecular oxygen is an important reaction for fundamental abiotic and
biological processes, such as aerobic metabolism, formation of reactive oxygen intermediates, and the biogeochemical cycling of elements. 185–188 In this context, studying
and interpreting oxygen isotope fractionation helps to elucidate mechanistic details of
electron transfer from various reductants to O2 . 167,189 We quantified O isotope fractionation associated with two model reactions, namely reduction of O2 by dissolved Fe2+
and enzymatic reduction of O2 catalyzed by glucose oxidase. Because both O2 reduction
processes were studied previously, we were able to compare O isotope enrichment factors, O , and 18 O-kinetic isotope effects (18 O-KIEs) obtained with the method proposed
here to those obtained with different experimental setups. 171,190
O2 reduction by Fe2+
We spiked 18 batch reactors with increasing amounts of (NH4 )2 Fe(SO4 )2 and measured
the remaining dissolved O2 concentrations after complete oxidation of Fe2+ (Figure 5.3a).
Linear regression modeling of the data gave a best-fit value for the slope of 0.23 ± 0.01
µM O2 per µM Fe2+ . This value agrees well with the expected 1:4 stoichiometry for
the reduction of O2 to H2 O. Oxygen isotope fractionation (Figure 5.3b) followed a
typical enrichment trend and non-linear modeling with eq. 5.2 resulted in an O -value
of −15.0 ± 0.7h. The good agreement of the experimental data with the trend lines
in Figure 5.3b suggests that the method proposed here was adequate to quantify the
O isotope fractionation of dissolved O2 . Oba and Poulson 190 determined O values for
the reduction of O2 by FeSO4 at pH 6.7 − 7.1 and 23 C between −7.3h and −10.3h.
These values are slightly smaller then the value reported here, which can be explained
with different experimental conditions, such as the exact form of Fe2+ salts used, and
the different methods used to quantify the fraction of remaining O2 . While we directly
measured the O2 concentration in our reactors by means of an optical oxygen sensor,
others quantified this parameter only indirectly using IRMS signal intensities. Further
elucidation of the different O values, however, is beyond the scope of this work.

°

O2 reduction catalyzed by glucose oxidase
We also spiked 6 batch reactors with increasing amounts of glucose, added glucose oxidase, and measured the remaining dissolved O2 concentrations after complete glucose
oxidation (Figure 5.3a). The regression slope was 0.75 ± 0.10 µM O2 per µM of D120
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Figure 5.3: (a) O2 concentrations after complete oxidation of various amounts of Fe2+ or
β-D-glucose in O2 reduction experiments with Fe2+ (blue diamonds) and glucose oxidase (red
squares), respectively. Note that reductant concentrations in experiments with glucose oxidase
refer to total glucose concentrations. Error bars in experiments with Fe2+ represent one
standard deviation of three identical samples. Solid lines represent weighted linear regressions
with fixed intercepts. (b) δ 18 O-values vs. remaining fraction of O2 in experiments with Fe2+
(blue diamonds) and glucose oxidase (red squares). Error bars in experiments with Fe2+
represent one standard deviation of three identical samples. Solid lines represent non-linear
least-square regressions with eq. 5.2.

glucose. This value agrees well with previous observations that glucose oxidase only
reacts with β-D-glucose, 191 which accounts for 64% of total D-glucose in aqueous solution. 192 The O isotope fractionation of O2 reduction catalyzed by glucose oxidase (Figure
5.3b) proceeded according to eq. 5.2 resulting in an O of −35.5 ± 3.7h and a 18 O-KIE
of 1.037 ± 0.004. Previously determined 18 O-KIEs for the reduction of O2 by glucose
oxidase range between 1.028 ± 0.002 and 1.032 ± 0.001 171,179,191 and agree well with the
value reported here.
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5.4

Conclusions

We showed here that commonly used GC/IRMS devices with automated split-injection
can be applied to determine accurate δ 18 O values in small aqueous samples of 10 mL with
dissolved O2 concentrations as low as 16 µM. The chromatographic separation of O2 and
N2 with a molecular sieve column allows the use of a N2 headspace for the extraction
of dissolved O2 . This procedure is key for a rigorous δ 18 O blank correction and the low
quantification limit of 20 nmol of injected O2 . The proposed analytical method allows
for the reliable determination of O isotope fractionation in laboratory experiments for
studying 18 O-KIEs associated with O activation in fundamental enzymatic and abiotic
processes, such as O metabolism, photosynthesis, and pollutant transformation.
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Abstract
Compounds-specific isotope analysis (CSIA) is an increasingly used approach to determine the extent and rate of contaminant (bio)transformation in the environment.
However, application of CSIA is limited in cases where contaminant transformations are
associated with negligible isotope fractionations due to a large commitment to catalysis. Consequently, small isotope fractionation can occur for many biotransformation
reactions, such as the dioxygenation of aromatic compounds, if substrate binding or
O2 activation limits the overall rate of reaction. To further explore the mechanism of
O2 activation during the dioxygenation of nitroaromatic compounds by nitrobenzene
dioxygenase (NBDO), we determined 18 O-kinetic isotope effects (18 O-KIEs) as well as
the stoichiometry and kinetics of dioxygenation for nitrobenzene, 3-nitrotoluene, and
2,6-dinitrotoluene. The relative ratio of dioxygenation compared to the total O2 consumption varied between 0.37 ± 0.09 for nitrobenzene and 0.71 ± 0.03 for 3-nitrotoluene.
The remaining O2 consumption can likely be explained with an O2 uncoupling reaction
resulting in the release of H2 O2 from NBDO. 18 O-KIEs of O2 activation by NBDO were
between 1.011 ± 0.007 for 3-nitrotoluene and 1.016 ± 0.002 for nitrobenzene. These values are in agreement with the formation of an Fe–OOH species in the rate-limiting step
of O2 activation independent of the ratio of dioxygenation to O2 uncoupling. In recent
studies, we found that the rate-limiting O2 activation step must occur prior to reactions
with the substrate. Therefore, we hypothesize that dioxygenation of nitroaromatic compounds occurs through the oxygenation of the aromatic ring by an O=Fe–OH species,
which is formed from O–O bond cleavage in Fe–OOH, followed by two consecutive C–O
bond formation steps. Furthermore, differences in observed isotope fractionation during
the dioxygenation of aromatic contaminants can be explained by a partial shift in the
rate-limiting step from Fe–OOH formation to the second oxygenation step. For future
applications of CSIA to track the transformation of contaminants by enzymes that involve O2 activation steps, knowledge of the enzyme kinetics will be valuable to anticipate
the magnitude of isotope fractionation.
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6.1

Introduction

Enzymatic dioxygenation is an important process for the removal of recalcitrant aromatic
contaminants in the environment and results in the formation of substituted catechols,
metabolites that can be utilized as an energy and C source. 5,12,13,33 Transformation products of the dioxygenation reactions are difficult to detect due to their transient nature,
thus, quantification of the extent and rate of contaminant biodegradation in the field is
challenging. To this end, alternative approaches based on stable isotope analyses of contaminants have been proposed, which enable the quantification of (bio)transformation
based exclusively on the analysis of the substrate. 46,48 With compound-specific isotope
analysis (CSIA) changes of the stable isotope composition of contaminants are measured
during transformation processes. This, so called, isotope fractionation is caused by the
kinetic isotope effect (KIE) of a reaction, which describes the difference in reaction rate
of light and heavy isotopes at the reacting bonds. 46 The magnitude of the KIEs depends on the energy differences between ground and transition state for light and heavy
isotopes during the rate-limiting step of the reaction. 193 However, if the rate-limiting
step of contaminant transformation does not involve bond cleavage or formation in the
reactant, measured isotope fractionations will be small. 31
Consequently, the application of CSIA to track the dioxygenation of organic contaminants by Rieske non-heme iron enzymes can be limited if the binding of substrate
or activation of O2 is limiting the overall rate of substrate transformation. 173 O2 activation is an important step of the catalytic cycle of these enzymes and could likely be
the rate-limiting step of dioxygenation. 57,67,194 In recent studies, 137,173 we observed large
variations in isotope fractionation during the dioxygenation of various nitroaromatic
compounds by the Rieske non-heme iron enzyme nitrobenzene dioxygenase (NBDO). Nitroaromatic compounds are an important class of contaminants because they are used in
large amounts as industrial feedstock and explosives. 17 Apparent 13 C-kinetic isotope effects (13 C-AKIEs) for the investigated reactions with NBDO ranged from 1.010±0.001 173
for the dioxygenation of 3-nitrotoluene to 1.025 ± 0.001 137 for the dioxygenation of
nitrobenzene, indicating, indeed, different rate-limiting steps for the two substrates.
The proposed reaction mechanism of the dioxygenation of nitroaromatic compounds by
NBDO is shown in Figure 6.1. To explain the variations in 13 C-AKIEs, we hypothesized
that the dioxygenation of nitrobenzene is characterized by a (partially) rate-limiting
C–O bond formation step (reaction D, Figure 6.1) whereas the rate of 3-nitrotoluene
was limited by an O2 activation step (reaction B, Figure 6.1).
In the current study, we explored the mechanism of O2 activation by NBDO with
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Figure 6.1: Proposed reaction mechanism of the dioxygenation of nitroaromatic compounds
by NBDO. 173
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O-KIEs to obtain additional insights into the rate-limiting step of contaminant dioxygenation. Oxygen isotope effects were previously used to investigate O2 activation
of the non-heme iron enzymes taurine dioxygenase, (S )-(2)-hydroxypropylphosphonic
acid epoxidase (HppE), and 1-aminocyclopropyl-1-carboxylic acid oxidase (ACCO), 170
cytochrome P450cam (CYP101), 169 soluble methane monooxygenase, 195 glucose oxidase, 171 as well as of the O2 carrier proteins hemoglobin, myoglobin, hemerythrin, and
hemocyanin. 175 As demonstrated in these studies, the magnitude of 18 O-KIEs measured
in dissolved O2 can reveal the nature of the reactive oxygen species, which are formed
during the rate-limiting step. 166,189 For example, the 18 O-KIEs for HppE and ACCO
were 1.0120 ± 0.0002 and 1.0215 ± 0.0005, respectively, which was interpreted to reflect
the formation of an FeIII –OOH species as the rate-limiting step with HppE and the formation of an FeIV =O species as the rate-limiting step with ACCO. 170 Thus, 18 O-KIEs
during O2 activation with NBDO can potentially confirm different rate-limiting steps
during the dioxygenation of nitrobenzene and 3-nitrotoluene by NBDO and reveal the
reactive oxygen species formed during the rate-limiting step of contaminants dioxygenation. To this end, we performed enzyme assays with nitrobenzene, 3-nitrotoluene, and
2,6-dinitrotoluene in closed reaction vessels to quantify (i) O2 , substrate, and product
concentrations, (ii) O2 consumption and product formation rates, as well as (iii) isotope
fractionation of dissolved O2 . These results were used to derive the stoichiometry of O2
consumption, the kinetic parameter of dioxygenation (KM , kcat ), and the 18 O-KIEs of
O2 activation by NBDO.
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6.2
6.2.1

Experimental section
Chemicals and protein purification

All chemicals were purchased from Sigma-Aldrich (Buchs SG, Switzerland) or Merck
(Schaffhausen, Switzerland) and used as received. Nitrobenzene (99%), 2-nitrophenol
(99%), 3-nitrotoluene (99%), and 2,6-dinitrotoluene (98%) were used as substrates in
enzyme assays. Catechol (99%), 4-methylcatechol (95%), and sodium nitrite (NaNO2 ,
99%) were used as reference compounds to quantify reaction products. 4-Morpholineethanesulfonic acid monohydrate (MES, 99%) and potassium phosphate monobasic
(KH2 PO4 , 99.5%) were used as buffers and pH was adjusted with sodium hydroxide
(NaOH, 99%) and hydrochloric acid (HCl, 32 %). In addition, β-nicotinamide adenine dinucleotide reduced disodium salt (NADH, 97%), catalase from bovine liver (2825
units/mg), hydrogen peroxide (H2 O2 , 30%), and ammonium ferrous sulfate hexahydrate
((NH4 )2 Fe(SO4 )2 , 99%) were used in enzyme assays. N -(1-naphthyl)ethylenediamine
(NED, 99%), sulfanilamide (99%), and sodium sulfite anhydrous (NaSO3 , 97%) were
used for quantitative analyses (see below).
Methanol (LC/MS grade, 99.99%) was purchased from Fisher Scientific (Reinach,
Switzerland). He (99.999%), N2 (99.999%), and O2 (99.9995%) gases were from Carbagas (Rümlang, Switzerland). Aqueous solutions were prepared in nanopure water (18.2
MΩ· cm, Barnstead NANOpure Diamond Water Purification System).
BTGED buffer containing 50 mM Bis-Tris (Sigma-Aldrich, 98%), 5% v/v glycerol
(Sigma-Aldrich, 99%), 5% v/v ethanol (Merck, 99.9%), and 1 mM dithiothreitol (Fisher
Scientific, 99%) was used for protein purification. The three enzyme components of
NBDO (reductase, ferredoxin, and oxygenase) were purified using methods adapted
from Parales et al. 117 as described in chapter 3 and stored at -80 C. The three final
protein solutions contained 0.46 g L−1 reductase in phosphate buffer (40 mM, pH 7.0),
2.3 g L−1 ferredoxin in phosphate buffer (40 mM, pH 7.0), as well as 1.1 g L−1 oxygenase
in BTGED buffer.

°

6.2.2

Enzyme assays

Enzyme assays were carried out in clear-glass crimp-top vials with butyl rubber stoppers and aluminum crimp seals and a volume of 11 mL when closed. These vials were
completely filled with reaction solution and closed in such a way that there was no entrapment of air bubbles. The reaction solution consisted of 50 mM MES buffered at pH
6.8, 0.15 µM reductase, 1.8 µM ferredoxin, 0.15 µM oxygenase, 100 µM (NH4 )2 Fe(SO4 )2 ,
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and 300-500 µM of a nitroaromatic substrate. The nitroaromatic substrates nitrobenzene, 2-nitrophenol, 3-nitrotoluene, and 2,6-dinitrotoluene were directly dissolved in
MES buffer. All buffer solutions were kept at approximately 25 C to maintain constant
levels of dissolved O2 (240 − 260 µM). Reactions were initiated by adding 50 − 300 µL
of NADH stock solution (10-100 mM in 0.01 M NaOH) to closed reaction vessels with
a gas-tight glass syringe.
Initial rates of dioxygenation were determined from incubation of nitroaromatic substrates with purified NBDO components at initial substrate concentrations of 10 − 300
µM. Reactions were performed at approximately 25 C in 2 mL plastic tubes containing
0.3 µM oxygenase, 3.6 µM ferredoxin, 0.3 µM reductase, 0.5 mM (NH4 )2 Fe(SO4 )2 , and
0.5 mM NADH in MES buffer. After addition of aqueous stock solution of the substrate,
0.3 mL samples were withdrawn every 10 seconds and mixed immediately with 0.3 mL
of sulfanilamide (10 g L−1 in 1.5 M HCl) to quench the reaction and measure nitrite.
To verify the formation of H2 O2 during the reaction of NBDO with nitroaromatic
substrates, 3.5 mg catalase was added to the reaction vessel after 9 − 11 min of reaction time. The concentration of H2 O2 was derived from the increase in dissolved O2
concentrations upon addition of catalase.

°

°

6.2.3

Quantitative analyses

Nitrobenzene, catechol, 2-nitrophenol, 3-nitrotoluene, 4-methylcatechol, and 2,6-dinitrotoluene were quantified by high-performance liquid chromatography (HPLC) coupled to
UV-vis detection as described in chapter 4. Briefly, isocratic mixtures of phosphate
buffer (10 mM, pH 2.5) and methanol were used to separate hydroxylated products
from nitroaromatic substrates on an Xbridge BEH C18 column (50 x 3 mm, 2.5 µm,
Waters) using a flow of 0.5 mL min−1 . An external calibration row was used to quantify
the compound signals obtained at wavelengths of maximal absorption.
Nitrite was quantified using a photometric method 120 at 540 nm with the reagents
sulfanilamide (10 g L−1 in 1.5 M HCl) and N -(1-naphthyl)ethylene diamine (1 g L−1 in
1.5 M HCl) as reported in chapter 3. Initial NADH concentrations in enzyme assays
were calculated based on the absorption of a diluted stock solution of NADH in 0.01 M
NaOH assuming an extinction coefficient of 6.22 mM−1 cm−1 at 340 nm.
Dissolved O2 concentrations were monitored continuously with an optical oxygen
microsensor (PreSens - Precision Sensing GmbH), which was introduced into the closed
reaction vessels through a needle. The O2 concentrations measured with the sensor were
temperature-corrected and calibrated with air-saturated water as well as with water
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samples, from which O2 was removed with NaSO3 .

6.2.4

Determining δ 18 O of O2 dissolved in water by GC/IRMS

Oxygen isotope signatures (δ 18 O) of dissolved O2 were measured with gas chromatography isotope ratio mass spectrometry (GC/IRMS) after creating a N2 headspace and
partitioning of O2 to the gas phase, as described in chapter 5. Briefly, 3 mL of the
reaction solution were replaced manually by N2 gas with the excess solution being used
for quantitative analyses of the substrates and reaction products. The partitioning of
dissolved O2 to the headspace was facilitated by horizontal shaking at 200 rpm for 30
min. Headspace samples were injected automatically by a Combi PAL autosampler
(CTC Analytics) with a 2.5-mL gas-tight headspace syringe. The syringe was flushed
with N2 gas for 1 min before piercing the butyl stoppers and withdrawing 250 µL of
the headspace. We used a Trace GC (Thermo Fisher Scientific) equipped with a split
injector (5 mm ID quartz glass liner at 200 C) and a Rt-Molsieve 5Å PLOT column
(Restek, 30 m x 0.32 mm ID, 30 µm film thickness at 30 C). Helium was the carrier
gas at 80 kPa with a split flow of 40 mL min−1 . After baseline-separation from N2 , O2
pulses were introduced into a GC combustion III interface (Thermo Fisher Scientific)
equipped with a Nafion membrane for water removal and subsequently into a Delta Plus
XL IRMS (Thermo Fisher Scientific).
δ 18 O values are reported in per mil (h) relative to Vienna Standard Mean Ocean
Water (VSMOW). The δ 18 O of the reference gas was calibrated against O2 in air, which
has a constant δ 18 O of 23.88h. 181 To ensure the reproducibility of δ 18 O measurements,
standard triplicates of air-equilibrated water were measured at the beginning of a sequence and again after each 3 to 6 samples. Blank samples containing oxygen free water
(obtained from purging with N2 gas) were also measured three times at the end of each
sequence to compensate for diffusive input of O2 during sample preparation and/or injection. Standards and blanks were treated identically to the samples from enzymatic
experiments. In chapter 4, we showed that reliable δ 18 O values can be determined with
this method for samples with dissolved O2 concentrations of 20 − 250 µM.

°

6.2.5

°

Data evaluation

The ratio of dioxygenation relative to total O2 consumption (γdiox ) were determined for
each reaction vessel after complete co-factor oxidation by comparing the decrease in O2
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concentration to the increase in NO2– concentrations as shown in eq. 6.1.
γdiox

∆[NO-2 ]
=
∆[O2 ]

(6.1)

where ∆[NO2– ] and ∆[O2 ] are the changes in NO2– and O2 concentrations, respectively,
between initial conditions and after complete co-factor oxidation.
Initial reaction rates of NAC dioxygenation by NBDO (ν0 ) were determined from a
linear regression of nitrite concentrations vs time during the initial linear-phase of the
reaction (usually 1 min). The maximum rate (νmax ) and Michaelis constant (Km ) were
derived for each substrate with a non-linear least square regression according to eq. 6.2
with Igor Pro software (WaveMetrics, Inc.).
ν0 =

kcat · E0 · c0
νmax · c0
=
Km + c0
Km + c0

(6.2)

where c0 is the initial substrate concentration in µM, kcat is the observable first-order rate
constant, and E0 is the concentration of total active sites in µM (three active sites per
oxygenase component). νmax and measured rates of O2 consumption (νO2 ) are reported
relative to the amount of oxygenase component present in the respective assay as µM
min−1 µM−1
Ox for ease of comparison.
18
δ O measured in dissolved O2 were corrected for diffuse contamination with ambient
air during sample injection by applying a blank correction according to Werner and
Brand 182 as shown in eq. 6.3.
δ 18 Ocorr =

δ 18 Omeas · Ameas − δ 18 Oblank · Ablank
Ameas − Ablank

(6.3)

where δ 18 Omeas and Ameas are the isotope signature and peak area obtained from the
measurement of a sample or standard, δ 18 Oblank and Ablank are the values obtained
from the measurement of a blank triplicate in the same sequence, and δ 18 Ocorr is the
blank-corrected isotope signature of this sample or standard. Standards of O2 in airequilibrated water were used to account for drifts of δ 18 O-values. In air-equilibrated
water at room temperature, δ 18 O of dissolved O2 deviates from δ 18 O of O2 in air by
+0.6h, 184 thus, the δ 18 Ocorr of these standards was set to 24.5h. Isotope fractionation
occurring during phase-transfer of O2 from water to the N2 headspace during sample
preparation is negligible compared to measurement uncertainties of < 0.5h.
We used Igor Pro software (WaveMetrics, Inc.) for non-linear least square analysis
of data from samples with different degrees of O2 consumption, to derive average kinetic
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isotope effects for both O atoms in O2 (18 O-KIEs) according to eqs. 6.4 and 6.5.


δ 18 Ocorr + 1
R
O2
O2
=
= c /c0
δ 18 O0 + 1
R0

(6.4)

1
−1
(6.5)
18 O-KIE
where δ 18 Ocorr is the blank-corrected isotope signature of a sample with a certain re18
2
maining fraction of dissolved O2 (cO2 /cO
0 ) and δ O0 is the isotope signature of a cor2
= 1). R and R0 are the same
responding sample without O2 consumption (cO2 /cO
0
18
16
18
two values expressed as isotope ratios ( O/ O). The O-KIE values derived with this
procedures can be compared directly to 18 O-KIEs determined in previous studies on the
O2 activation of various enzymes. 169–171,175,195
=

6.3
6.3.1

Results and Discussion
Stoichiometry of dioxygenation and O2 consumption by
NBDO

The reaction scheme for the dioxygenation of nitroaromatic compounds to substituted
catechols by NBDO is illustrated in Figure 6.3 and shows that all substrates and products
are expected to form or be consumed in stoichiometric amounts. To verify this 1-to-1
stoichiometry, we quantified O2 , nitroaromatic substrates, NO2– , and (substituted) catechols in assays with different NADH concentrations after complete co-factor oxidation.
The resulting concentration profiles are illustrated in Figures 6.2a-c for experiments
with nitrobenzene, 3-nitrotoluene, 2,6-dinitrotoluene. O2 concentrations decreased proportionally with added amounts of NADH indicating that, on average, one O2 molecule
was reduced per molecule of NADH. The decrease in nitroaromatic substrate concentrations was always accompanied by a stoichiometric increase in product concentrations
for both (substituted) catechols and NO2– , which demonstrates that all substrate disappearance can be attributed to dioxygenation. However, the disappearance of O2 and the
formation of dioxygenation products did not follow a 1-to-1 stoichiometry as expected
from the scheme in Figure 6.3 for any of the three substrates. Instead, the relative
ratio of dioxygenation compared to total O2 consumption (γdiox ) was 0.37 ± 0.09 for nitrobenzene, 0.71 ± 0.03 for 3-nitrotoluene, and 0.49 ± 0.17 for 2,6-dinitrotoluene (Table
6.1).
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Figure 6.2: (a) O2 (blue circles), nitrobenzene (red diamonds), catechol (green squares), and
NO2– (yellow triangles) concentrations in enzyme assays after complete consumption of different amounts of NADH. (b) O2 (blue circles), 3-nitrotoluene (red diamonds), 4-methylcatechol
(green squares), and NO2– (yellow triangles) concentrations in enzyme assays after complete
consumption of different amounts of NADH. (c) O2 (blue circles, left axis), 2,6-dinitrotoluene
(red diamonds, right axis), and NO2– (yellow triangles, left axis) concentrations in enzyme
assays after complete consumption of different amounts of NADH. (d) Dissolved O2 concentrations over time in assays with NBDO and Fe2+ (green line), NBDO, Fe2+ , and NADH
(yellow line) as well as NBDO, Fe2+ , NADH, and nitrobenzene (NB, blue line).
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Figure 6.3: The stoichiometry of the dioxygenation of nitroaromatic compounds to substituted catechols.

To account for the remaining O2 consumption in assays with NBDO, we also studied O2 consumption kinetics in the presence and absence of nitroaromatic substrates.
Figure 6.2d shows a typical time course of O2 concentrations during enzyme assays
with NBDO at pH 6.8 in closed systems. The background rate of O2 consumption in
the presence of enzyme and 100 µM Fe2+ was small with 5 ± 2 µM min−1 per µM of
oxygenase (µMOx ) and increased slightly to 13 ± 2 µM min−1 µM−1
Ox when 300 µM of
NADH was added. In assays with nitroaromatic substrates, the rate of O2 consumption increased significantly up to 317 ± 14, 310 ± 9, and 190 ± 18 µM min−1 µM−1
Ox in
the presence of nitrobenzene, 3-nitrotoluene, and 2,6-dinitrotoluene, respectively (Table
6.1). Consequently, the difference between O2 consumption and dioxygenation product
formation cannot be explained by O2 reduction occurring in solution (e.g., directly with
NADH). As only in the presence of substrate the O2 consumption rate was enhanced,
an O2 uncoupling (or oxidase-like) reaction was likely the cause of the remaining O2
disappearance as shown previously for naphthalene dioxygenase with benzene. 196 To
our knowledge, O2 uncoupling has not been shown before for nitroarene dioxygenases
and this ”inefficient” use of resources is particularly interesting as NBDO catalyzes the
initial reaction of nitrobenzene mineralization, which can serve as the sole source of C
and energy for Comamonas sp. strain JS765. 30

6.3.2

Uncoupling of O2 during dioxygenation by NBDO

During incubation of nitrobenzene with NBDO only 37% of the consumed O2 is incorporated into the nitroaromatic substrate. We hypothesized that the remaining O2 can
be explained by an O2 uncoupling that occurs in the active site of NBDO. With addition
of catalase we could show that at least 22% of the consumed O2 was converted to H2 O2
and then released from the active site. Figure 6.4a shows that addition of catalase after
11 min of incubation of NBDO with nitrobenzene resulted in an increased O2 concentration corresponding to the accumulation of 20 µM H2 O2 . As the total amount of O2
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γdiox
(-)

b

0.37 ± 0.09
0.71 ± 0.03
0.49 ± 0.17
0

±
±
±
±
14
9
18
12

e

128 ± 5
252 ± 7
48 ± 8

νO2 c
νmax d
−1
(µM min−1 µMOx
)
317
310
190
237

31 ± 2
39 ± 4
56 ± 24

KM d
(µM)

22 ± 2 ·103
34 ± 5 ·103
5 ± 3 ·103

kcat /KM d
(M−1 s−1 )

±
±
±
±

O
(h)
–16.2
–14.0
–15.3
–19.2

1.6
4.1
1.0
1.5

1.0163
1.0142
1.0155
1.0196

±
±
±
±

0.0015
0.0042
0.0010
0.0015

18
O-KIE
(-)

1.025 ± 0.001
1.010 ± 0.001
1.008 ± 0.003

13
f
C-AKIE
(-)

Table 6.1: Ratios of dioxygenation(γdiox ), O2 consumption rates (νO2 ), kinetic parameter of dioxygenation (νmax , Km , kcat /Km ),
O , 18 O-KIEs, and 13 C-AKIEs for nitrobenzene, 3-nitrotoluene, 2,6-dinitrotoluene, and 2-nitrophenol. a
substrate
nitrobenzene
3-nitrotoluene
2,6-dinitrotoluene
2-nitrophenol

a Uncertainties correspond to 95%-confidence intervals;
b Amount of dioxygenation compared to total O consumption (eq. 6.1);
2
c O consumption rates with maximum NADH and substrate concentrations;
2
d Michaelis-Menten parameter determined from initial NO – formation rates;
2
e No dioxygenation of 2-NP detected;
Reprodcued from previous work 137,173
f
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Figure 6.4: (a) O2 consumption kinetics in assays with NBDO and nitrobenzene (red line)
or with NBDO and 2-nitrophenol (blue line). Catalase was added after 11 min and 9 min,
respectively. (b) O2 (blue circles, left axis), and 2-nitrophenol (red diamonds, right axis)
concentrations in enzyme assays after complete consumption of different amounts of NADH.

consumption during the first 11 min of incubation was 93 µM, the formation of H2 O2
accounts for 22% of O2 consumption. Further experiments (data not shown) indicated
that H2 O2 concentrations were not stable in the reaction solution over the investigated
time range, thus, the total amount of H2 O2 formed during incubation of nitrobenzene
with NBDO was likely larger then 22% of total O2 consumption. However, we could still
not account for the complete O2 consumption during incubation of nitrobenzene with
NBDO. The formation of superoxide or H2 O during O2 uncoupling in the active site of
NBDO remains a possible explanation of O2 losses, but the stoichiometric consumption
of O2 with added NADH (0.82 ± 0.27 µM O2 per µM NADH) suggests a predominant
formation of H2 O2 from O2 .
We found that 2-nitrophenol significantly increased O2 consumption rates when incubated with NBDO without detectable formation of dioxygenation products (NO2– ).
Consequently, 2-nitrophenol likely facilitated O2 uncoupling by NBDO, indicated by an
initial O2 consumption rate of 237 ± 12 µM min−1 µM−1
Ox (Table 6.1), without being
transformed significantly (average substrate loss of 5.5%, see Figure 6.4b). In a similar
experiment as described for nitrobenzene, accumulation of H2 O2 was quantified by addition of catalase, which was able to explain 46% of the consumed O2 (see Figure 6.4a).
These result agree well with data from a study on O2 uncoupling during incubation of
benzene with naphthalene dioxygenase. 196 Also in those experiments, addition of catalase revealed that H2 O2 accumulated during the reaction accounting for 40% – 50% of
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the consumed O2 , while addiation of superoxide dismutase indicated that superoxide
did not accumulate.

6.3.3

Kinetic isotope effects and mechanism of O2 activation
by NBDO

Isotopic composition of dissolved O2 was measured in several assays for each substrate
after complete co-factor oxidation. As shown in Figure 6.5a, the isotopic composition of
O2 , expressed as δ 18 O, changed with the amount of remaining O2 (c/c0 ), as given in eq.
6.4, indicating a preferential reaction of light O2 isotopologues. The resulting -values
were identical within uncertainties for the three compounds that undergo dioxygenation
and lead to 18 O-KIEs of 1.0163 ± 0.0015, 1.0142 ± 0.0042, and 1.0155 ± 0.0010 with nitrobenzene, 3-nitrotoluene, 2,6-dinitrotoluene, respectively (Table 6.1). The change in O
isotope composition during O2 consumption by NBDO in the presence of 2-nitrophenol,
however, resulted in an 18 O-KIE of 1.0196 ± 0.0015 (Table 6.1), which is significantly
different from the 18 O-KIEs with nitrobenzene and 2,6-dinitrotoluene.
Despite overlapping confidence intervals, a linear correlation of 18 O-KIEs vs. γdiox
was possible as shown in Figure 6.5b. Due to the large uncertainties associated with
these experimental 18 O-KIEs, two possible interpretations of these results are possible.
The good linear correlation of 18 O-KIEs with γdiox can be interpreted as evidence for
two separate rate-limiting steps during O2 activation for dioxygenation and O2 uncoupling by NBDO. In this case, the 18 O-KIE of the rate-limiting O2 activation step during
dioxygenation is 1.011 ± 0.007 (see Figure 6.5c), while the 18 O-KIE of the O2 uncoupling
reaction is the same as measured with 2-nitrophenol (1.0196 ± 0.0015, Table 6.1). However, Figure 6.5a shows that δ 18 O values during experiments with all four nitroaromatic
compounds do not follow distinctively different trend lines. Consequently, differences in
18
O-KIEs for the single substrates can also be attributed to statistical variations and, in
this case, the average 18 O-KIE of 1.0156±0.0011 is associated with a single rate-limiting
O2 activation step for both dioxygenation and O2 uncoupling.
The magnitude of measured 18 O-KIEs bears information about the first irreversible
(or rate-limiting) step of O2 activation and can be compared to calculated equilibrium
isotope effects (18 O-EIEs) for the formation of different Fe-oxygen species. 166,189 Using
vibrational frequencies, Mirica et al. 170 calculated 18 O-EIEs of 1.0080, 1.0172, and 1.0287
III
IV
for the formation of an FeIII -O•−
2 , Fe -OOH, and Fe =O species, respectively. Consequently, the 18 O-KIEs determined in this study for O2 activation by NBDO pointed
to the formation of an FeIII -OOH species, irrespective of the interpretation given above,
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Figure 6.5: (a) Oxygen isotope signatures (δ 18 O) vs. remaining concentration (c/c0 ) of
dissolved O2 in experiments with nitrobenzene (yellow squares), 3-nitrotoluene (red triangles),
and 2,6-dinitrotoluene (green circles). Solid lines are non-linear least-square fits of eq. 6.4. (b)
Correlation of 18 O-KIEs with dioxygenation yields (Ydiox ) of the four experiments conducted in
this study. Error bars are 95-% confidence intervals of the KIEs and the solid lines represents a
linear regression with the corresponding equation resulting in the 18 O-KIEs for a dioxygenation
yield of 100% as given in the upper right corner.

because the KIE should be close to but not larger then the theoretical EIE. Although
the 18 O-KIE determined for O2 activation by NBDO in the presence of 2-nitrophenol
is larger than the 18 O-EIE for the formation of FeIII -OOH, this would be the obvious
rate-limiting step for the formation of H2 O2 . Consequently, if the 18 O-KIEs during
dioxygenation and O2 uncoupling are indeed different, the rate-limiting step could still
in both cases be the formation of an FeIII -OOH species. However, the shift in 18 O-KIE
values would then be a result of different interactions in the active site of NBDO, depending on whether the substrate binds in a way to favor dioxygenation or in a way that
only allows for O2 uncoupling to occur. The general magnitude of 18 O-KIEs determined
in this study is further in agreement with the 18 O-KIE of 1.012 determined with the
non-heme iron enzyme HppE 170 , for which the formation of an FeIII -OOH species was
suggested to occur as the rate-limiting step of O2 activation.

6.3.4

Enzyme kinetics for the dioxygenation of nitroaromatic
compounds by NBDO

As shown in Figure 6.6, νdiox increased with initial substrate concentration as expected
for typical enzyme kinetics. The three Michaelis constants (KM ) were almost identical
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Figure 6.6: Initial rates of nitrite formation (ν0 ) with different initial concentrations of
nitrobenzene (yellow squares), 3-nitrotoluene (red triangles), and 2,6-dinitrotoluene (green
circles). Solid lines are non-linear least-square fits according to eq. 6.2 and error bars are
standards deviations of ν0 .

with 31 ± 2 µM for nitrobenzene, 39 ± 4 µM for 3-nitrotoluene, and 56 ± 24 µM for
2,6-dinitrotoluene (Table 6.1). However, both νmax and kcat /KM varied significantly
between the three substrates. 3-Nitrotoluene showed the highest catalytic efficiency with
a kcat /KM of 34 ± 5 · 103 M−1 s−1 (Table 6.1). While the kcat /KM for nitrobenzene was
only slightly smaller (22 ± 2 · 103 M−1 s−1 , Table 6.1), 2,6-dinitrotoluene dioxygenation
was significantly less efficiently catalyzed by NBDO (kcat /KM = 5 ± 3 · 103 M−1 s−1 ,
Table 6.1). From a combination of kinetic parameter and γdiox , the relative energy
barrier for the dioxygenation and O2 activation can be inferred. While the energy
barrier for initiating the dioxygenation reaction after binding of O2 has to be lower
compared to the O2 uncoupling pathway with 3-nitrotoluene, approximately the same
with 2,6-dinitrotoluene, and higher with nitrobenzene, the overall energy barrier for the
dioxygenation of 2,6-dinitrotoluene must be higher then for nitrobenzene because of the
differences in observable kcat /KM .

6.3.5

Reaction mechanism of the dioxygenation of nitrobenzene and 3-nitrotoluene by NBDO

The mechanism of arene dioxygenation by Rieske non-heme iron dioxygenases has been
discussed controversially in the literature. 56,131,132,197 Experimental and theoretical evidence suggests that O2 activation occurs through Fe-bound superoxide, peroxide, or
oxo-hydroxide species as shown in Figure 6.7. Besides the different O2 species that
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were proposed to attack the aromatic ring, the suggested dioxygenation mechanisms
differ with regard to the timing of O–O bond breaking, which can occur after, during,
or before the attack on the substrate. The dioxygenation mechanism with O–O bond
breaking after the initial attack of the aromatic ring, starts with the formation of an
FeIII -O•−
2 species, which attaches to the C-2 atom (reaction A) to form an aryl-peroxo
intermediate. After a further reaction step an epoxide is formed, which transforms into
the final cis-dihydrodiol product. The initial steps during the dioxygenation mechanism with concomitant O–O bond cleavage and attack of the aromatic ring, result in
the formation of an FeIII –OOH complex that attacks the aromatic ring (reaction B) to
form the final cis-dihydrodiol product through the same epoxide intermediate as above.
The third dioxygenation mechanism comprises the initial formation of an O=FeV –OH
complex through O–O bond cleave (reaction C), followed by two consecutive C–O bond
formation steps that lead to a radical intermediate and, finally, the cis-dihydrodiol product.
We have recently, investigated apparent and theoretical 13 C- and 2 H-KIEs during
the dioxygenation of nitroaromatic compounds by NBDO. 173 The correlation of C and
H isotope fractionation suggested an identical mechanism for the dioxygenation of nitrobenzene and 3-nitrotoluene by NBDO. For all nitroaromatic substrates, the comparison of apparent and theoretical 2 H-KIEs indicated that the formation of the two
C–O bonds occurred in consecutive steps as shown in Figure 6.1. However, we found
significant variation in apparent 13 C-KIEs between the dioxygenation of nitrobenzene
and 3-nitrotoluene (1.025 ± 0.001 vs. 1.010 ± 0.001, Table 6.1). We argued that these
variations in 13 C-KIE occur despite a common dioxygenation mechanism that involves
an overall rate-limiting O2 activation step preceding the first reaction step involving the
nitroaromatic substrate.
As shown in Figure 6.7, all proposed mechanisms display an initial O2 activation
step prior to the attack of the aromatic ring, which is either the formation of an FeIII III
V
18
O-KIEs determined in this study agree
O•−
2 , Fe -OOH, or HO-Fe =O species. The
III
with the formation of an Fe -OOH species in the rate-limiting or first irreversible step
of O2 activation. This step must occur prior to C–O bond formation, thus, pathway
A in Figure 6.7 can most probably be ruled out for the dioxygenation of nitrobenzene
and 3-nitrotoluene by NBDO. Although formation of an FeIII -OOH species (reaction
B in Figure 6.7) seems to be the likely rate-limiting step for both nitrobenzene and
3-nitrotoluene dioxygenation by NBDO, no direct experimental evidence exists for or
against the formation of an HO-FeV =O species prior to attack on the substrate. How-
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ever, density functional theory (DFT) calculations of various pathways of nitrobenzene
dioxygenation by NBDO, indeed, suggested that the formation of an HO-FeV =O species
(reaction C, Figure 6.7) is energetically more favorable the the attack of the aromatic
ring by an FeIII -OOH complex. 129 The dioxygenation mechanism shown in Figure 6.1 is
furthermore in agreement with all experimental KIEs for both O2 activation and substrate transformation, particularly the consecutive formation of the two C–O bonds. 173

6.4

Implications for CSIA as a tool to track contaminant dioxygenation

Evidence for the dioxygenation of nitroaromatic compounds presented here suggests
that difference in 13 C-AKIEs are caused by a shift in the rate-limiting step of substrate
transformation. In the case of 3-nitrotoluene dioxygenation by NBDO, an O2 activation
step, presumably formation of Fe–OOH, limits the rate of transformation. In the case of
nitrobenzene dioxygenation by NBDO, C–O bond formation and change in aromaticity
also partially contributes to the overall rate of transformation. These observations have
consequences for the applicability of CSIA to track the dioxygenation of (nitro)aromatic
contaminants. Small isotope fractionation, as observed with 3-nitrotoluene, make it
difficult to quantify the extent of contaminant transformation with CSIA. When isotope fractionation is small, shifts in isotope composition of the contaminant will only
be detectable once more then 90% of the compounds has been transformed. A more
critical finding, however, for CSIA applications is that for the same reaction, such as
for the dioxygenation of nitrobenzene by NBDO and 2NTDO, large variations in 13 CAKIEs and, thus, also in isotope fractionation were observed. 173 While identification
of dioxygenation can be achieved by a combined analysis of shifts in both C and H
isotope composition of the contaminant, 34,40 determining the extent of dioxygenation is
accompanied with large uncertainties given the range of variation observed in isotope
fractionation. Consequently, knowledge on the enzyme kinetics of the underlying reaction will be valuable for applying CSIA to tracking dioxygenation of (nitro)aromatic
contaminants properly as the effect of potentially rate-limiting O2 activation can be assessed in advance. To this end, more environmentally relevant oxygenase enzymes need
to been studied to the extent of nitroarene dioxygenases to benefit the field of CSIA.
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143

Chapter 6

144

Chapter 7
Conclusions and Outlook

Chapter 7

7.1

Elucidating the variability of AKIEs of the dioxygenation of aromatic contaminants

The goal of this dissertation was to investigate the origin of the variability observed in
13
C-AKIEs of the dioxygenation of aromatic contaminants. It was initially hypothesized
that this variability could be caused by (i) different reaction mechanisms associated with
the 1,2- and 2,3-dioxygenation of substituted compounds (see Figure 1.1) or (ii) shifts
in the rate-limiting steps of the catalytic cycle of dioxygenase enzymes depending on
specific enzyme-substrate interactions. The presented results suggest that the variations
observed in the 13 C-AKIEs of the dioxygenation of aromatic compounds, are a result
of (ii) as will be elaborated in the following. Table 7.1 gives on overview of the 13 CAKIEs for aromatic contaminant dioxygenations determined so far. Besides from this
work, 13 C-AKIEs have been determined for the dioxygenation of benzene, toluene, naphthalene, chlorobenzene, and 2,4-dinitrotoluene by pure cultures expressing dioxygenase
enzymes. 34,37,42,198
Previously published CSIA studies on the dioxygenation of aromatic compounds
showed small C isotope fractionation for substituted compounds undergoing a 2,3dioxygenation 37,42,198 and a significantly larger C isotope fractionation for the 1,2-dioxygenation of nitrobenzene. 36 However, the C isotope fractionation measured during the
1,2-dioxygenation of aniline and diphenylamine presented in chapter 2, also resulted in
small C -values (−0.6 ± 0.1h, Table 2.1). Therefore, differences in 13 C-AKIEs were
not caused by variations in the dioxygenation mechanism based on the position of oxygenation. This conclusion is further supported by the systematic investigation of the
1,2-dioxygenation of various nitroaromatic compounds by NBDO and 2NTDO, which
also resulted in large variations of 13 C-AKIEs (chapter 4).
Significant differences in 13 C-AKIEs were observed for both the dioxygenation of
different substrates by the same enzyme and for the dioxygenation of the same substrate by different enzymes. While the 13 C-AKIEs of nitrobenzene dioxygenation by
NBDO remains the largest values observed for aromatic dioxygenation (1.025 ± 0.001,
Table 7.1), both the dioxygenation of 3-nitrotoluene by NBDO and the dioxygenation
of nitrobenzene by 2NTDO resulted in much smaller 13 C-AKIEs (1.010 ± 0.001 and
1.005 ± 0.001, respectively, Table 7.1) despite evidence for the same reaction mechanism. Consequently, specific interactions between enzyme and substrate can result in a
shift in the rate-liming step of dioxygenation, which is reflected in the magnitude of the
AKIEs.
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Table 7.1: Compilation of 13 C-AKIEs from CSIA studies on the dioxygenation of aromatic contaminants, sorted by dioxygenase enzymes.

substrate

13

C-AKIE

reference

Nitrobenzene dioxygenase
nitrobenzene
1.025±0.001
2-nitrotoluene
1.018±0.001
3-nitrotoluene
1.010±0.001
4-nitrotoluene
1.010±0.001
2,6-dinitrotoluene
1.008±0.003
naphthalene
1.003±0.003

this
this
this
this
this
this

work
work
work
work
work
work

2-Nitrotoluene dioxygenase
nitrobenzene
1.005±0.001
2-nitrotoluene
1.004±0.001
3-nitrotoluene
1.004±0.001
4-nitrotoluene
1.003±0.001

this
this
this
this

work
work
work
work

Aniline dioxygenase
aniline

1.004±0.001

this work

Diphenylamine dioxygenase
diphenylamine
1.007±0.001

this work

2,4-Dinitrotoluene dioxygenase
2,4-dinitrotoluene
1.004±0.001

34

Benzene dioxygenase
benzene

1.002±0.001

37

Toluene dioxygenase
toluene

1.003±0.002

42

Naphthalene dioxygenase
naphthalene
1.001±0.002
Tetrachlorobenzene dioxygenase
chlorobenzene
1.002±0.001
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The rate-limiting step during the catalytic cycle of NBDO was identified by determining 18 O-KIEs of dissolved O2 during the dioxygenation of nitrobenzene and 3nitrotoluene. The results from chapter 6 indicate that an early step in the formation
of an activated iron-oxygen complex (e.g., Fe–OOH) is the overall rate-limiting step of
the dioxygenation of all investigated nitroaromatic compounds. The variations of 13 CAKIEs of substrate dioxygenation are therefore caused by varying contributions from
oxygenation and O2 activation steps to the overall reaction rate. The extent, to which
the aromatic oxygenation is rate-limiting, varies for each substrate. Because 13 C-AKIE
values of most investigated aromatic compounds are small (< 1.01, Table 7.1), it appears
conceivable that the dioxygenation of aromatic contaminants is generally associated with
an exclusive rate-limiting O2 activation step. It was observed only in a few cases that
oxygenation of the aromatic ring contributes significantly to the overall reaction rate
and, thus, the corresponding contaminant dioxygenation is associated with detectable
C isotope fractionation. Consequently, a successful application of CSIA for quantifying the extent of contaminants dioxygenation in the field requires knowledge about the
underlying enzyme kinetics.

7.2

Implications for the applicability of CSIA to track
contaminant oxygenations

O2 activation is proposed to be the rate-limiting step during the dioxygenation of most
aromatic contaminants by Rieske non-heme iron dioxygenases. As a consequence, these
reactions do not necessarily exhibit detectable isotope fractionation in the reactant.
However, Rieske non-heme iron dioxygenases are not the only important class of enzymes, which utilizes activated O species to catalyzed the transformation of aromatic
contaminants in the environment. Other important enzymes that catalyzed oxygenations under environmental conditions are bacterial multicomponent monooxygenases,
cytochrome P450 enzymes, and flavin-dependent monooxygenases (FMOs). 12 Knowledge about the catalytic cycles of these enzyme can provide a basis for predicting the
magnitude of isotope fractionation during oxygenation reactions.
In fact, the example of FMOs nicely illustrates that the presence or absence of substrate isotope fractionation may be closely related to the sequence of substrate binding
and O2 activation. The catalytic cycles of FMOs have been studied in great detail and
two major catalytic strategies were identified as prototypes, which will be addressed
here as “bold” and “cautious” FMOs. 199 While “cautious” FMOs only form the reactive
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flavin-hydroperoxide species after binding of the substrate, “bold” FMOs can reduce
their flavin co-factor to a peroxide species also in the absence of substrate. Cyclohexanone monooxygenase and 4-hydroxybenzoate hydrolase are the two prototypes for
“bold” and “cautious” FMOs, respectively. 200–202 Their corresponding catalytic cycles
are illustrated in Figure 7.1 and show that in the case of cyclohexanone monooxygenase
O2 , activation occurs prior to substrate binding whereas in the case of 4-hydroxybenzoate
hydrolase, O2 activation occurs after substrate binding. Consequently, the rate of substrate disappearance with cyclohexanone monooxygenase depends directly on the chemical transformation of the substrate while with 4-hydroxybenzoate hydrolase it can also
be determined by substrate binding or O2 activation. These scenarios are to some degree
comparable to the catalytic cycle of Rieske non-heme dioxygenases. Therefore, we can
expect that isotope fractionation of the substrate is measurable during transformations
with “bold” FMOs but not necessarily with “cautious” FMOs. Indeed we found that
the transformation catalyzed by cyclohexanone monooxygenase is associated with substantial C isotope fractionation of the substrate whereas the transformation catalyzed
by 4-hydroxybenzoate hydrolase does not exhibit detectable changes in the substrate’s
isotopic composition. 136 These results support conclusions made earlier in a study 108 on
the monooxygenation of nitrophenols by FMOs that knowledge of the catalytic cycle
of FMO enzymes responsible for contaminants transformation can be used to predict
whether CSIA will be applicable to track (bio)transformation or not.
The two examples of contaminant oxygenation with Rieske non-heme iron dioxygenases and flavin-dependent monooxygenases indicate that the applicability of CSIA to
assess the biotransformation of contaminants can be hampered for reactions where O2
activation instead of the chemical transformation of the substrate is the rate-limiting
step of the catalytic cycle. Studies on the 18 O-KIEs of transformations catalyzed by
cytochrome P450cam 169 and methane monooxygenase 195 suggest that also for enzymes
with an active site heme iron or non-heme di-iron, O2 activation might be limiting the
overall rate of reaction. An early rate-limiting step of O2 activation followed by a rapid
succession of reaction steps leading to the products is supposedly a common catalytic
strategy of enzymes to limit the lifetime of reactive oxygen species in the active site. 166
Consequently, the key to predict the applicability of CSIA for oxygenation reactions
of aromatic contaminants is knowledge about the kinetic mechanism of the enzymes
involved. Without further investigation of contaminant oxygenations and their corresponding AKIEs, it remains difficult to assess whether isotope fractionations during
these initial mineralization steps are (i) mostly negligible or (ii) subject to variations.
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However, generalizations for whole classes of environmentally relevant enzymes might
proof difficult because these enzymes, as apparent from Rieske non-heme dioxygenases,
have very distinct substrate-enzyme interactions, which can lead to changes in the ratelimiting step of the catalytic cycle.
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Figure 7.1: Catalytic cycles of cyclohexanone monooxygenase and 4-hydroxybenzoate hydroxylase (reprint from Wijker et al. 136 ). (a) Catalytic cycle of the prototype for “bold”
FMOs. E stands for the enzyme, Flox and Flred are the oxidized and reduced flavin prosthetic
groups, respectively. E-Fl-OO– is the flavin peroxide and 1 is the substrate. (b) Catalytic
cycle of the prototype for “cautious” monooxygenases. The oxidized flavin prosthetic group
(Flox ) binds the substrate (4) prior to reduction of the enzyme-substrate complex by NADPH.
B and BH+ stand for a neutral and protonated base.
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[90] Kwiecień, R. A., Le Questel, J. Y., Lebreton, J., Delaforge, M., André, F., Pihan, E., Roussel, A., Fournial, A., Paneth, P., Robins, R. J., Cytochrome P450catalyzed degradation of nicotine: Fundamental parameters determining hydroxylation by cytochrome P450 2A6 at the 5’-carbon or the N -methyl carbon, J. Phys.
Chem. B, 2012, 116, 7827–7840.
[91] Glendening, E. D., Weinhold, F., Natural resonance theory: I. general formalism,
J. Comput. Chem., 1998, 19, 593–609.
[92] Godejohann, M., Heintz, L., Daolio, C., Berset, J. D., Muff, D., Comprehensive non-targeted analysis of contaminated groundwater of a former ammunition
destruction site using 1H-NMR and HPLC-SPE-NMR/TOF-MS, Environ. Sci.
Technol., 2009, 43, 7055–7061.
[93] Dickel, O., Haug, W., Knackmuss, H. J., Biodegradation of nitrobenzene by a
sequential anaerobic-aerobic process, Biodegradation, 1993, 4, 187–194.
[94] Peres, C. M., Naveau, H., Agathos, S. N., Biodegradation of nitrobenzene by its
simultaneous reduction into aniline and mineralization of the aniline formed, Appl.
Microbiol. Biotechnol., 1998, 49, 343–349.
160

Bibliography

[95] Drzyzga, O., Blotevogel, K. H., Microbial degradation of diphenylamine under
anoxic conditions, Curr. Microbiol., 1997, 35, 343–347.
[96] Christodoulatos, C., Koutsospyros, A. D., Brodman, B. W., Korfiatis, G. P.,
Biodegradation of diphenylamine by selected microbial cultures, J. Environ. Sci.
Health, Part A, 1997, 32, 15–30.
[97] Weber, E. J., Colón, D., Baughman, G. L., Sediment-associated reactions of
aromatic amines. 1. Elucidation of sorption mechanisms, Environ. Sci. Technol.,
2001, 35, 2470–2475.
[98] Weber, E. J., Spidle, D. L., Thorn, K. A., Covalent binding of aniline to humic
substances. 1. Kinetic studies, Environ. Sci. Technol., 1996, 30, 2755–2763.
[99] Thorn, K. A., Pettigrew, P. J., Goldenberg, W. S., Weber, E. J., Covalent binding of aniline to humic substances. 2. 15N NMR studies of nucleophilic addition
reactions, Environ. Sci. Technol., 1996, 30, 2764–2775.
[100] Van Breukelen, B. M., Extending the rayleigh equation to allow competing isotope
fractionating pathways to improve quantification of biodegradation, Environ. Sci.
Technol., 2007, 41, 4004–4010.
[101] Gorski, C. A., Nurmi, J. T., Tratnyek, P. G., Hofstetter, T. B., Scherer, M. M.,
Redox behavior of magnetite: Implications for contaminant reduction, Environ.
Sci. Technol., 2010, 44, 55–60.
[102] Bally, T., Sastry, G. N., Incorrect dissociation behavior of radical ions in density
functional calculations, J. Phys. Chem. A, 1997, 101, 7923–7925.
[103] NIST, Standard reference database 69, NIST Chemistry WebBook, URL http:
//webbook.nist.gov, accessed June 21, 2012.
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