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Abstract

The emerging use of 2,4-dinitroanisole (DNAN) in insensitive munitions formulations has
caused concern for future contamination of subsurface environments, generating significant
interest in understanding and identifying its transformation processes. Here we characterized
the C and N isotope fractionation associated with abiotic and biological DNAN hydrolysis
through alkaline hydrolysis at high pH as well as enzymatic hydrolysis by Nocardioides sp.
JS1661 and partially purified DNAN O-demethylase. Whereas both reactions generated 2,4-
dinitrophenol (DNP), compound-specific isotope analysis (CSIA) of DNAN and DNP revealed
that these reactions occur by different mechanisms. Alkaline hydrolysis was associated with
apparent '3C and >N kinetic isotope effects, '*C-AKIE and '°N-AKIE, of 1.044 + 0.003
and 1.0027 + 0.0004, respectively, reflecting the previously postulated nucleophilic aromatic
substitution mechanism. Conversely, enzyme-catalyzed DNAN hydrolysis exhibited a '3C-
AKIE of 1.027 +0.005 and a ">N-AKIE of 1.0032 + 0.0003. Based on these AKIE values and
the C and N isotope fractionation of DNP, our results imply that enzymatic O-demethylation
of DNAN occurs through a nucleophilic substitution reaction at the aliphatic C of the methoxy
group. This work provides a basis for the assessment of DNAN transformation by CSIA as the C
and N isotope fractionation patterns observed in this work are distinct from other hypothesized

degradation pathways.
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Introduction

Soil and groundwater contamination due to the manufacture, use, and disposal of munitions com-
pounds is a decades-old problem that continues to pose significant ecological and health risks. !~
As new formulations for insensitive munitions have emerged to replace conventional munitions,
concern for future contamination has sparked interest in the environmental degradation pathways for
these new energetic compounds. The nitroaromatic compound (NAC) 2,4-dinitroanisole (DNAN),
developed as an alternative to 2,4,6-trinitrotoluene (TNT), is of particular interest due to its poten-
tial toxicity.>® Similar to other NACs,*”~! DNAN can be reduced to the corresponding aromatic

11-14

amines and transformed photolytically. '>~!7 Interestingly, DNAN can also be hydrolyzed ei-

ther abiotically at high pH'31°

or biologically by DNAN O-demethylase from Nocardioides sp.
JS1661 both of which form the same product, 2,4-dinitrophenol (DNP).ZO’21 Therefore, assessing
the extent and predominant routes of DNAN degradation will be challenging because the initial
products are not only identical, but also transient. 152223

Compound-specific stable isotope analysis (CSIA) offers a strategy to distinguish between
degradation processes without explicit need to monitor the concentration dynamics, and therefore
may be especially useful for assessing DNAN degradation. Indeed, CSIA has proven useful
for assessing both the pathways and extents of NAC degradation in contaminated soil.?*?> This
technique enables one to distinguish among degradation processes of NACs based on characteristic
changes in Be/2e, BN/MN, and 2H/'H ratios that arise from kinetic isotope effects (KIE) at the
reacting bond(s). Observations of this so-called isotope fractionation have also been applied to
derive apparent KIEs as a means of elucidating NAC transformation mechanisms and kinetics. 253
CSIA could therefore be useful for identifying possible differences between abiotic and biological
DNAN hydrolysis mechanisms.

Previous studies have suggested that alkaline hydrolysis of DNAN at high pH is initiated by nu-
cleophilic aromatic substitution via a Meisenheimer intermediate (Scheme 1a). 18,19 However, little

is known about the mechanism for enzymatic hydrolysis of DNAN by the DNAN O-demethylase. >

Interestingly, the structurally similar herbicide dicamba (3,6-dichloro-2-methoxybenzoic acid) also
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undergoes enzymatic O-demethylation, but this reaction is initated through oxidative substitution
at the aliphatic C of the methoxy group. > Further, previously reported enzymatic O-demethylation

3336 in contrast to enzymatic DNAN hydrolysis. >’ Therefore, the

reactions require O, or cofactors,
enzymatic hydrolysis of DNAN could potentially occur at the aliphatic C atom of the methoxy
group. However, information for testing this mechanistic hypothesis is currently lacking.

The goal of this work was to delineate abiotic and biological DNAN hydrolysis reactions by
CSIA, thus providing information for a stable-isotope based assessment of DNAN degradation in
contaminated environments. We hypothesize that different mechanisms of alkaline and enzymatic
hydrolysis will produce distinct isotope fractionation patterns despite the formation of identical
transformation products. Moreover, the isotope fractionation associated with DNAN hydrolysis
might differ from that expected for reduction as based on results from previous studies on other
NACs. To this end, we characterized the C and N isotope fractionation from alkaline and enzy-
matic hydrolysis for both DNAN and the produced DNP, and derived the corresponding isotope
enrichment factors (ec and ey) and apparent kinetic isotope effects (3C-AKIE and 'N-AKIE).
Experiments were carried out in laboratory batch reactors containing homogeneous solutions at
high pH, !° the DNAN-degrading bacteria Nocardioides sp. 1S1661, and partially purified DNAN
O-demethylase.?” Based on the correlations between C and N isotope fractionation of DNAN
2931-33 0

observed in the current work and previous studies with nitroaromatic contaminants,

distinguish among the three most likely DNAN subsurface degradation processes by CSIA.

Materials and Methods

Alkaline and Enzymatic Hydrolysis Experiments

The procedure for the alkaline hydrolysis reactions was adapted from a method by Salter-Blanc
et al. ! Briefly, reactions were initiated upon introduction of 200 uL of a DNAN stock solution
(50.5 mM in acetonitrile) into amber glass vials containing 20 mL of 50 mM phosphate buffer at

pH 12, and were carried out at room temperature. Reactions were quenched at appropriate intervals
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by adjusting the pH to 7.0 with 2 mL of dilute sulfuric acid. Samples of quenched reactions were
analyzed by high performance liquid chromatography (HPLC) with UV-vis detection to quantify
DNAN and DNP (Supplementary Information, SI, Section S1.1). Selected alkaline hydrolysis
samples were also analyzed by liquid chromatography high resolution mass spectrometry (LC-
HRMS) following methods described in Section S1.2 to confirm transformation product identity.
DNAN degradation by intact cells of Nocardioides sp. strain JS1661 cells was conducted in
1/4 strength Stanier’s minimal medium?’ (pH 7.0, 25°C) and DNAN degradation by the partially
purified enzyme preparation was conducted in HEPES buffer (0.02 M, pH 7.5), both of which
initially contained 300 uM DNAN. Samples were removed from the incubation mixture at appro-
priate intervals, acidified to stop the reaction, filtered to 0.2 um, and stored at 5°C until analyzed by
HPLC (SI Section S1.2). Procedures for the growth of Nocardioides sp. strain JS1661 cells and the
partial purification of DNAN O-demethylase were adapted from Karthikeyan and Spain?! (Section
S2). Though the DNAN starting material was obtained from the same source for both the alkaline
and enzymatic hydrolysis experiments (Alfa Aesar, 98%), elemental analysis-IRMS revealed that

the two batches of DNAN had different initial C and N isotope signatures (SI Section S3.1).

Isotopic Analyses

Isotopic analyses were conducted according to established procedures for gas chromatography iso-
tope ratio mass spectrometry (GC-IRMS, details in Section S3).330 Briefly, for analysis of 1*C/!2C
and PN/!*N ratios of DNAN and DNP, the analytes were extracted by solid phase microextraction
(SPME) after adjusting the solution pH to 7.2 (DNAN) or pH 2.1 (DNP). To derive C or N isotope
enrichment factors (ec and ey) for each reaction, eqs. 1 and 2 below were fit to the measured

13C/12C and N/'N ratios.

6hEDNAN +1 _ ( c )GE )

S"EpNnano + 1 e



93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

109

110

11

112

113

114

5hEDNp +1 _ 1- (C/CQ)(EE+1)
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2)

where ¢/cq is the fraction of the remaining DNAN, eg is the C or N isotope enrichment factor,
and 6"Epnan and 6"Epnp are C and N isotope signature of DNAN and DNP (6'3C or 6'°N).
Procedures for the derivation of apparent '>C and >N kinetic isotope effects ('*C- and !’N-AKIEs)

as well as the correlation of C and N isotope fractionation (ANC) are provided in Section S4.2.

Results and Discussion

Alkaline Hydrolysis

Transformation of DNAN by alkaline hydrolysis at pH 12 followed pseudo-first order kinetics
and concomittantly produced DNP as the only reaction product (Figure S4). DNAN and DNP
concentrations accounted for 98% of the mass balance after 14 days. This interpretation is supported
by an accurate description of the concentration dynamics with the stoichiometric transformation
of DNAN to DNP with a single bimolecular hydrolysis rate constant, koy-, of (2.5 +0.2) - 107#
M~!s~! (Section S4.1 and Figure S4). Even though this number is determined only at pH 12, it is
within the same order of magnitude as data from Salter-Blanc et al. '® ((7.1 £ 0.5) - 107* M~1s71),
who determined kop- more exhaustively over a wider range of pH values. DNP was identified
through comparison of UV-vis spectra (Figure S1) and by its exact mass by LC-HRMS (Figures
S2a-c). We found no evidence for a stable Meisenheimer intermediate postulated by others 817
(Section S1.2).

Alkaline hydrolysis of DNAN was associated with considerable C and N isotope fractionation
(Figure 1a/b) corresponding to isotope enrichment factors, ec and ey, of —6.0 = 0.5%¢ and —2.7 +

18.19 and the stoichiometric formation

0.4%0, respectively (Table 1). Based on previous evidence
of DNP observed here, we derived apparent 'C and >N kinetic isotope effects (AKIEs) of

1.044 + 0.003 and 1.0027 + 0.0004, respectively, assuming transformation of DNAN through



1

5

1

6

1

7

1

8

1

9

120

1

N

1

1

n

2

123

1

N)

4

(a) Alkaline hydrolysis
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Scheme 1 Initial steps for the transformation of 2,4-dinitroanisole (1) by (a) alkaline hydrolysis
through nucleophilic aromatic substitution to 2,4-dinitrophenol (6). Compounds 2 to 5 are reso-
nance structures of the Meisenheimer complex intermediates. '® (b) Hypothesized enzymatic hydrol-
ysis of DNAN by Nocardioides sp. JS1661 and enzyme assays containing DNAN O-demethylase.
Compound 7 shows one of several possible transition states for a hydrolytic O-demethylation at the
aliphatic C atom of the methoxy group.

nucleophilic aromatic substitution (Scheme 1a). Although there is no precedent for '>C and N

isotope effects from such reactions, it is plausible that the substantial bonding changes at the aromatic

C atoms cause large '*C AKIEs, whereas the ’N AKIE reflects a secondary effect for N atoms not

directly involved in the nucleophilic attack. A comparison with the similarly large '*C-AKIE of

1.047 £ 0.002 for the alkaline hydrolysis of atrazine at pH 12 supports this interpretation.

41,42

The 6'°C of DNP increases substantially with reaction progress. The ec of —8.9 + 1.4%

calculated from eq. 2 with 6'3C of DNP exceeds that derived from data for DNAN because C

isotope fractionation in DNP is not diluted by the non-reactive C in the methoxy group (~OCH,).

This observation is consistent with a reaction mechanism in which only aromatic C atoms are

affected by nucleophilic attack (Scheme la). However, contrary to expectations from the large
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Figure 1 C and N isotope fractionation associated with the transformation of DNAN to DNP by
alkaline hydrolysis at pH 12 (panels a and b) and during biodegradation by Nocardioides sp. JS1661
(panels c and d). Panels (a) and (b) show 6'3C of DNAN and DNP vs. fraction of remaining DNAN,
c/co; panels (c) and (d) show the corresponding 6'°N trends. Lines represent non-linear fits of
egs. 1 and 2) for DNAN and DNP, respectively (data in Tables 1 and S2). The dashed line in
panel (a) represents the hypothetical case for DNAN where there is homogeneous intramolecular
613C distribution among aromatic and aliphatic C atoms of —27%.. Shaded areas indicate the 95%

confidence intervals.
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normal '*C-AKIE, which implies a preferential transformation of '>C isotopologues of DNAN,
DNP is not enriched in '>C compared to DNAN. In fact, even after 30% of DNAN conversion
(i.e., ¢/co = 0.7, Figure 1a) the §'3C of DNP is larger than that of DNAN, meaning that the
produced DNP contains more '3C than DNAN. This positive shift of 6'°C value of DNP reflects
an uneven intramolecular '3C/!2C distribution of aromatic and aliphatic C atoms in the DNAN
starting material. The non-reactive aromatic C atoms of DNAN exhibit a §'>C of between —25%o
to —27%o as derived from fitting eq. 2 to ¢'3C of DNP and from the final 6'3C of DNP after 95%
DNAN conversion. A mass balance calculation (Section S4.3) reveals that the C atom of the OCH,
group was isotopically very light (=99%o to —110%o) and substantially more negative than existing
data for this functional group in organic compounds.*3

While the magnitude of C isotope fractionation due to alkaline hydrolysis of DNAN to DNP
quantified with egs. 1 and 2 is independent of the intramolecular C isotope distribution in DNAN, the
position of the isotope fractionation trajectories on the y-axis in Figure 1a may shift considerably
(Figure 1a). As a comparison, Figure la also illustrates the behavior expected for isotopically
homogenous DNAN. If the 6'*C of the OCH, group would correspond to that of the aromatic C
atoms (e.g., —27%o), the DNAN fractionation curve would be shifted upwards in Figure 1a (dashed
line). At low stages of conversion, i.e., ¢/co > 0.9, the offset of the DNAN and DNP C isotope
fractionation curve would be identical to the ec value for alkaline hydrolysis of —6.0%o (eq. S7).

The ey for alkaline hydrolysis determined from DNAN and DNP with egs. 1 and 2 agree within
uncertainty (—2.7 +0.4%o and —3.6 + 1.0%o, Tables 1 and S2). Contrary to the above observations,
N isotope fractionation was not affected by intramolecular isotope distribution because DNAN and
DNP contain all N atoms in the non-reactive NO, substituents. However, the 6 5N for DNP at
95% substrate conversion was still slightly lower than that for the unreacted substrate (—4.6 + 1.0%
versus —2.6 = 0.2%q, respectively), which was likely due to a combination of analytical error and

the reaction not quite reaching completion.
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Table 1 Carbon and and nitrogen isotope enrichment factors (ec, ev), apparent '3C and "°N ki-
netic isotope effects (1>C-AKIE, ’N-AKIE), and correlation of C and N isotope fractionation (ANC)
associated with the alkaline and enzymatic hydrolysis of DNAN.2P

System €c en 13C-AKIE S'N-AKIE ANC
(o) (00) ) ) )

Alkaline hydrolysis -6.0+0.5 -2.7+04 1.044+0.003 1.0027 +£0.0004 0.46 +0.04

Nocardioides sp. 1S1661

Whole cell experiments  —2.8 £0.1 -2.5+0.1 1.020+0.003 1.0025 +0.0001 0.87 +£0.15
Partially purified enzyme -3.7+0.1 -3.2+0.1 1.027+0.005 1.0032 +0.0003 1.06 +0.25

a2 Combination of replicate experiments according to methods of Scott et al. **, assumptions for calculations
with eq. S6. 3C-AKIE: nc = 7, x = z = 1; PN-AKIE: n = x = z = | according to the assumption of
a secondary isotope effect, see Section S4.2;  ® Slope of a linear regression analysis of 6'°N vs. §'3C,
uncertainties denote 95% confidence intervals.

Enzymatic Hydrolysis

Transformation of DNAN by Nocardioides sp. JS1661 led to the stoichiometric formation of
DNP after 80 minutes (Figure S3a), in agreement with previous work.?? Compared to alkaline
hydrolysis, the disappearance of DNAN was associated with smaller C isotope fractionation and
similar N isotope fractionation (Figure 1c/d), with ec and ey values of —2.8+0.1%¢ and —2.5+0.1%q,
respectively. Experiments with partially purified O-demethylase (Figure S3b) revealed DNAN C
and N isotope fractionation that was approximately 30% stronger than for whole cell experiments
(Figure S5). ec and ey were —3.7 £0.1%0 and —3.2 +£0.1%, respectively (Table 1). The correlations
between C and N isotope fractionation, which are indicative of the reaction mechanisms, resulted in

identical slopes, AN¢

, within experimental uncertainty (0.87 + 0.15 vs. 1.06 + 0.25, respectively,
Table 1 and Figure S6). Moreover, ANC also corresponded well with the ratio ex/ec (0.86 + 0.04
and 0.89 + 0.05, respectively). Therefore, the differences between the experiments with whole

cells and partially purified enzyme were presumably caused by the masking of isotope fractionation

through mass transfer limitations associated with substrate uptake.*

10
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Based on the assumption that there is one reactive position for nucleophilic attack, we obtained
13C and N-AKIEs of 1.027 + 0.005 and 1.0032 + 0.0003, respectively, for enzyme-catalyzed
DNAN hydrolysis (Table 1). Whereas the "'N-AKIEs of alkaline and enzymatic DNAN are
identical and consistent with reactions that do not involve the aromatic NO, groups, the 13C-AKIEs
differ considerably. These differences also result in distinct ANC-values (Table 1) and imply
that enzymatic DNAN hydrolysis occurs by a mechanism that is different from that for alkaline
hydrolysis. The isotope effects reported here for DNAN hydrolysis by DNAN O-demethylase
are consistent with a nucleophilic substitution reaction at the aliphatic C of the OCH, group
(Scheme 1b, 1 — 6). This interpretation is supported by known !'3C AKIEs for nucleophilic
substitutions at aliphatic C atoms in C—O bonds, for example, a '3C-AKIE of 1.025 for methyl
tert-butyl ether hydrolysis.*® Further, bimolecular nucleophilic substitutions through formation of
a tetrahedral intermediate such as 7 in Scheme 1 also exhibit very moderate secondary H isotope
fractionation, which is consistent with our evaluation of H isotope fractionation for the enzyme-
catalyzed hydrolysis of DNAN (Figure S7). Moreover, secondary '’N-AKIEs < 1.005 agree with
evidence from the attack of nucleophilic oxygen at several types of acyl groups, including carboxylic
esters and amides, through formation of tetrahedral intermediates. 4’

This mechanism for enzymatic DNAN hydrolysis at the aliphatic C of the OCH, group is
further supported by the C isotope fractionation observed in the reaction product DNP (Figure
Ic). Whereas the magnitude of N isotope fractionation of DNP is consistent with that of DNAN
in both enzymatic and alkaline hydrolysis experiment (Table S2), the 6'3C trends of DNP from
enzymatic and alkaline hydrolysis (Figures 1c and 1a, respectively) are quite different. In particular,
enrichment of '*C in DNP during its formation from enzymatic hydrolysis spans a smaller range
of §13C values than for DNP formed during alkaline hydrolysis (see ec-values in Table S2). This
moderate C isotope fractionation in DNP is consistent with the above assumption that DNP formed
enzymatically originates from a reaction that, in contrast to alkaline hydrolysis, did not involve

aromatic C atoms.

11
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Environmental Implications

Because alkaline and enzymatic hydrolysis of DNAN showed differences in C isotope fractionation
but not in N isotope fractionation, the correlation of C and N isotope fractionation results in distinct
trendlines (Figure 2, ANC of 0.46 + 0.04 vs. 0.87 + 0.15 for alkaline and enzymatic hydrolysis,
respectively). These trends are also different from previously reported isotope fractionation for
biological or abiotic reductions of structurally similar NACs exhibiting large AN© (green trajectories
in Figure 2).2>2%-3350 These results not only imply that the abiotic and biological hydrolysis of
DNAN occur by different mechanisms, but also that these processes can be discerned from other
potential degradation pathways based on C and N fractionation of DNAN. Moreover, this work
could potentially provide a mechanistic precedent if O-demethylation reactions are identified from

other organic contaminants.

AN (%)
N
|

NACs, reduction
© DNAN, biodegradation
® DNAN, alkaline hydrolysis

T T T T
0 5 10 15

£"C (%)

Figure 2 Correlation of C and N isotope fractionation for the alkaline and enzymatic hydrolysis of
DNAN compared to expected trends for DNAN reduction (according to trends previously observed
for the biotic and abiotic reduction of other NACs).2%2933:50 golid lines and shaded areas denote
linear regressions and 95% confidence intervals, respectively, for alkaline and enzymatic hydrolysis
(ANC = 0.87 + 0.15, ANC = 0.46 + 0.04). The expected range for DNAN

biodegradation alkaline hydrolysis

P, ; N/C ~
reduction is shaded in green (A .ion = 3 — 50).
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