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Abstract

RATIONALE: Halogenated benzoic acids occur in the environment due to their widespread
agricultural and pharmaceutical use. Compound-specific stable isotope analysis (CSIA) has
developed over the last decades for investigation of in-situ transformation and reaction
mechanisms of environmental pollutants amenable by gas chromatography (GC). As polar
compounds are unsuitable for GC analysis we developed a method to perform liquid

chromatography (LC)/CSIA for halogenated benzoates.

METHODS: LClisotope ratio mass spectrometry (IRMS) utilizing a LC-Surveyor Pump
coupled to a MAT 253 isotope ratio mass spectrometer via a LC-Isolink interface was
applied. For chromatographic separation a YMC-Triart C18 column and a potassium
hydrogen: phosphate buffer (150 mM, pH 7.0, 40°C, 200 uL-mL™) were used, followed by
wet oxidation deploying 1.5 mol L% ortho-phosphoric acid and 200 g'L? sodium

peroxodisulfate at 75 pL-mL™.
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RESULTS: Separation of benzoate and halogenated benzoates could be achieved in less than
40 min over a concentration range of 2 orders of magnitude. Under these conditions the
dehalogenation reaction of Thauera chlorobenzoica 3CB-1T using 3-chloro-, 3-bromo- and 4-
chloro-benzoic acid was investigated resulting in inverse carbon isotope fractionation for
meta-substituted benzoic acids and minor normal fractionation for para-substituted benzoic
acids. Together with the respective growth rates this led to the assumption that
dehalogenation of para-halobenzoic acids follows a different mechanism from that of meta-

halobenzoic acids.

CONCLUSIONS: A new LC/IRMS method for the quantitative determination of
halogenated benzoates was developed and used to investigate the in-vivo transformation
pathways of these compounds, shedding some insights into degradation and removal of these

widespread compounds by T. chlorobenzoica 3CB-1".

Keywords: Compound-specific stable isotope analysis, chloro, bromo, Thauera

chlorobenzoica, reductive dehalogenation, liquid chromatography

Introduction

Compound-specific isotope analysis (CSIA) has facilitated the assessment of sources and
transformation processes of organic pollutants in the environment. Thus far, gas-
chromatography isotope ratio mass spectrometry (GC/IRMS) is mainly used within CSIA as
multi-element approach & 2. However, many biologically important compounds are
unamenable to GC analysis due to their high polarity and therefore non-volatile nature. Thus,
GC analysis of compounds with those chemical properties is not possible or requires

derivatization prior to analysis 1. The latter approach leads through additional carbon
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insertion to dilution of the original isotope composition and increases the uncertainty as
quantitative conversion is hard to achieve. Partial or incomplete derivatization may result in
non-systematic isotopic fractionation and an altered the isotopic composition of the analyte
17 In" 2014 quantitative analysis of underivatized polar compounds by liquid
chromatography/isotope ratio mass spectrometry (LC/IRMS) became available BI, where the
compounds are separated by liquid chromatography using exclusively carbon-free eluents,
such as potassium phosphate. After LC separation, the dissolved compounds are oxidized to
CO; via wet oxidation utilizing sodium persulfate and phosphoric acid ™ 3. This step is
followed by separation with a Nafion™ membrane-based in-line gas drying unit and water
traps to separate CO, from water vapor. The system was modified by the insertion of a
copper-filled reduction reactor for the removal of excess oxygen formed within the wet
oxidation step that might damage the filament of the ion source ™. Since then new
applications for CSIA have involved the analysis of nonvolatile, aqueous soluble compounds
from- more complex mixtures in the fields of pharmaceuticals, nutrition and food

authentication for e.g. amino acids, carbohydrates as well as organic acids 5.

Nevertheless, a limited number of applications for LC/IRMS is available in comparison with
those for GC/IRMS, mainly as a result of restrictions in the aqueous mobile phase
compositions and flow rates that can be employed. As solely inorganic and therefore pure
aqueous mobile phases and low flow rates can be used, chromatographic separation is
challenging and column stability is becoming a major issue. Furthermore, persulfate
oxidation: has only limited efficiency (', In particular, the presence of halogen atoms is
expected to decrease the rate of persulfate oxidation due to the high strength of C-halogen-
bonds 12, These highly oxidized carbon atoms result from a permanent bond polarization
induced. by the high electronegativity of the halogen substituent. Thus, the higher the

electronegativity of the halogen, the more resistant the compound is to oxidation [*3. As a
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result of the extensive use of halogenated compounds as herbicide, insecticide, fungicide,
pharmaceuticals and solvents, there is a considerable impact on the human health and
ubiquitous contamination of the environment [*3 14, Halogenated benzoic acids are probably
formed from halogenated phenols, alkylbenzenes and benzenes under anoxic conditions 3,
It was shown that halogenated benzoic acids can be degraded by anaerobic microorganisms
(i) under denitrifying conditions as e.g. Thauera chlorobenzoica spp. and Thauera aromatica
[13, 15191 o (i) under sulfate-reducing conditions %, or (iii) by the phototrophic anaerobic
microorganism Rhodopseudomonas palustris 3. Furthermore, T. chlorobenzoica 3CB-1" is
capable of utilizing 3-bromo-, 2-fluoro-, 4-fluorobenzoic acid %8 22 and 4-chlorobenzoic
acid (personal communication: O. Tiedt, University of Freiburg) as substrates for growth.
Kuntze et al proposed a degradation pathway (Figure 1). starting with the transesterification-
product halobenzoyl-CoA, yielded by CoA addition through class | benzoyl CoA-reductase
(BcrA), being subsequently dearomatized by the same enzyme 3. The dehalogenation
appears to occur enzymatically or spontaneously by hydrogen chloride (HCI) or hydrogen
bromide (HBr) release and re-aromatization of the halobenzoyl-CoA which follows the
Benzoyl-CoA degradation pathway 221, Whereas 4-fluorobenzoic acid can be dehalogenated

completely, 3-fluorobenzoic acid forms 3-fluoro-dienoyl-CoA, which is not further converted

[29],

The aim of this study, therefore, was to develop a LC/IRMS method for the analysis of
halogenated benzoates in order to investigate the microbial dehalogenation reaction within T.

chlorobenzoica 3CB-1T and to monitor halogenated benzoic acid degradation in-vivo.
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Material and Methods

LC-Method development

A high performance liquid chromatography (HPLC) system equipped with a Photodiode
Array-detector (Accela 600 and Accela PDA, Thermo Fisher Scientific, Bremen, Germany)
was used to develop the method for the determination of halogenated benzoic acids without
organic additives in KH2PO4 eluent, A YMC-Triart C18 column, 150x2mm inner diameter,
3um particle size, 12nm pore size (YMC Europe GmbH, Dinslaken, Germany) and an
Atlantis T3 column of 150x4.6mm inner diameter, 3um particle size and 10nm pore size
(Waters, Eschborn, Germany) were initially tested. Testing of different column lengths, 150
and 75 mm, buffer strengths of 15 and 150 mM, pHs of 3 to 7.5, flow rates of 100 to 200 pL
min, and column temperatures of 30 and 40°C was performed using the YMC Triart C18
column (see results for method development). Finally, halogenated benzoates were eluted

with KH2PO4 at pH 7.0 and a flow rate of 200 uL min* under isothermal conditions at 40 °C.

Elemental Analyzer (EA)-IRMS Measurements

The carbon isotope compositions of the tested halogenated benzoic acids were determined
with a EuroEA3000 elemental analyzer (EuroVector, Pavia, Italy) directly coupled with a
ConFlo IV-interface (Thermo Fisher Scientific) to a MAT 253 isotope ratio mass
spectrometer (Thermo Fisher Scientific). Normalization of the 5!3C raw data was carried out
by a two-point calibration employing reference materials from the International Atomic
Energy Agency (Vienna, Austria; IAEA-CH6 = 10.45 + 0.04%0 and IAEA-CH7 = 32.15 +
0.05%o, for confirmation IAEA-C3 = 24.72 + 0.03%o). The precision was always better than

+0.1%eo.

LC/IRMS analysis
For determination of the carbon isotope composition of halobenzoates a LC/IRMS system

(Thermo Fisher Scientific) consisting of a LC-Surveyor pump coupled via a LC-Isolink
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interface to the MAT 253 isotope ratio mass spectrometer. Analytes were injected (10-
100 pL) via a HTC PAL autosampler (CTC Analytics, Zwingen, Swizerland) and transferred
through a 100-mL sample loop to the YMC Triart C18 column (75mm x 2mm (inner
diameter), 3 um particle size, 12 nm pore size) maintained at 40 °C in a HT HPLC 200
column-oven (SIM GmbH, Oberhausen, Germany). The eluent was processed by wet
chemical oxidation achieved by online mixing with phosphoric acid (1.5 mol L) and sodium
peroxodisulfate (200 g L) prior to entering the oxidation reactor maintained at 99.9 °C. The
two reagents were pumped towards a T-piece by separate pumps, each at a flow rate of 75 pL
min™t. The eluent, 150 mmol L™ KH2PO4 (pH 7.0), was pumped by a Surveyor MS Pump
Plus (Thermo Electron, Bremen, Germany) at a flow rate of 200 puL min™. To avoid blocking
of capillaries, in-line filters with a pore size of 0.5um (Vici, Schenkon, Swizerland), were
placed prior to the HPLC column and in front of the oxidation reactor of the LC-IsoLink
interface. The formed CO> was removed from the liquid phase by a separation unit and
subsequently transferred into a helium carrier gas flow of 1.5 mL min in the separation unit.
Afterwards, the CO, was dried by a Nafion™ membrane-based in-line gas drying unit and
finally admitted to the mass spectrometer 1. Two reduction reactors, consisting of ceramic
tubes filled with copper wires kept at 600 °C (controlled by a JUMO iTRON microprocessor
controller, JUMO, Fulda, Germany) are located prior to the open split [* 1. One reactor was
used for removing the exceeding O contained in the He flow while the other was regenerated
by  flushing with a gas mixture of hydrogen and nitrogen (1:99) for copper reduction.
Switching between the two reactors was performed manually when the oxygen background

increased.

Cultivation and isotope fractionation experiments
T. chlorobenzoica 3CB-1T was cultivated under anoxic, slightly modified conditions as

described previously 4. It was cultivated using a phosphate-based mineral medium
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consisting of 0.7 gL' NaH,POs2H.0, 5.6 g'L! KoHPOs and 0.5g'Lt NH4Cl with
1.5 mmol-L? 3-Cl-, 4-Cl- or 3-Br-benzoic acid as carbon and 6.3 mmol-L* sodium nitrate as
energy sources, respectively. The medium was amended with 0.1 mol-L™* CaClz, 0.8 mol-L*
MgSOs, 1 mL of a 1000-fold VL7 2 and 1 mL of a 1000-fold SL9 trace element solution
261 Cultivation of the pre-cultures was carried out in 50-mL volume in 100-mL serum
bottles, whereas for the fractionation experiment 250-mL cultures in 500-mL serum bottles
were used. After distribution of the medium into serum bottles the bottles were flushed with
N2, crimp closed with grey butyl rubber stoppers, and sterilized for 40 min at 120°C.
Afterwards the medium was amended with the components described above under anoxic and
sterile conditions. The prepared bottles were inoculated with 5 % (v/v) of a culture grown on
the respective substrate. One non-inoculated bottle per set of two inoculated bottles was
prepared with substrate as a negative control. The cultures were incubated without shaking in
the dark at 20°C. Dehalogenation was checked by HPLC) (see below. For isotope
fractionation experiments 0.5-mL aliquots were taken out of the cultures every 2 h, filtered
through 0.2 um PES-filters (WICOM, Heppenheim. Germany) and stored at -4 °C until

measurements were conducted.

Evaluation of isotopic data

The isotopic composition of compounds was determined in §*3C-notation (%o) relative to the
international standard VPDB 27, The carbon isotope enrichment factor (¢'*C) was calculated
using the linearized and simplified Rayleigh equation (1). Therefore, the concentrations at
different time points (t) of the reaction and the starting concentration (0), represented as Ct

and Co, respectively, as well as R = 1 + 5'3C were used [?8],

(1) In (%) =B3Cxln (%)

0 0
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Based on the slope of the regression a two-tailed T-test was used to calculate the 95 %

confidence interval (data evaluation in Micosoft EXCEL).

Results and Discussion

Method development for halogenated benzoic acids

As LC/IRMS analysis requires solely agueous buffer systems without organic additives, only
a minor selection of HPLC columns is suitable for this approach. A YMC-Triart C18 column,
which was finally chosen for the method development and an Atlantis T3® column were
tested. However, as halogenated benzoic acids were eluted under neutral to alkaline
conditions, the Atlantis T3° column was not suitable as it was reported to have a reduced
lifetime with phosphate buffers of approximately neutral pH (Atlantis T3 column care and
use manual, Waters, 2007). Based on literature reports [** 2°1 3 potassium phosphate buffer
was _utilized. Testing of buffer strength of 15and 150 mmol L and pH values from
3.0to 7.5 revealed 150 mmol L* and pH 7.0 as optimal eluent properties. To reduce the
analysis time the flow rate was set to the highest possible rate suitable for the connection of
the LC-IsoLink Interface and the LC-pump, viz. 200 uL min. The column oven temperature
was adjusted to 40 °C to maintain column stability at neutral/alkaline pH (YMC-Triart C18
column maintenance manual). With this method halogenated the benzoates could be
separated. from benzoic acid with retention times of 17 min for benzoate, 43 min for 3-ClI-
benzoate, 45 min for 4-Cl-benzoate and 63 min for 3-Br-benzoate. Although separation was
achieved, the analysis time per sample was still quite high. Therefore, the column length was
reduced to 75 mm resulting in a decrease of the retention times to 6 min for benzoate, 25 min
for both 3-ClI- and 4-Cl-benzoate, and 37 min for 3-Br-benzoate (Figure S1, supporting

information). As for the application only one halogenated benzoate was used for each setup
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and benzoate was expected to be one of the products, no further chromatographic separation
of the halogenated benzoates from each other was targeted.

The isotopic composition of the halogenated benzoic acids were determined by an elemental
analyzer prior to LC/IRMS analysis, resulting in values of §*Cs.ci.a = -26.2 %o, 8*3Ca-ci-
BA =-28:0 %o and 5'°Cs.ar-8a = -24.3 %o (Table 1). In order to obtain complete conversion of
the investigated halobenzoates to COy, the flow rates and concentrations of o-phosphoric acid
and sodium peroxodisulfate were optimised (Table 1): 75 pL min? of each, 200g L™
NazS,0s and 1.5 mol L 0-H3PO4 were determined as appropriate conditions.

Method validation was performed by determining the relationship of the measured delta
values and amplitudes depending on the injected C on column. The results are shown in
Figures 2A-C. A stable delta value was obtained in the range of 0.03 mmol L™ to 3 mmol L™
(0.23ng C up to 1.4 ng C on column). The amplitudes showed a linear dependency on the
determined concentration. Hence, the analyzable concentration range was determined to be

greater than 2 orders of magnitude.

Carbon isotope fractionation of halobenzoates during degradation by T. chlorobenzoica
Kuntze et al ™ proposed a dehalogenation mechanism starting with an energy dependent
dearomatization step through a hydrogen insertion, followed by rearomatization and
subsequent dehalogenation yielding benzoyl-CoA. However, throughout the whole
fractionation experiment no benzoic acid was detected within the LC/IRMS analysis pointing
towards a fast ongoing degradation of the benzoyl-CoA 23, Thus, only substrate isotopic
changes could be determined.

During the course of degradation by T. chlorobenzoica 3CB-1" the carbon isotope ratios of 3-
Cl-benzoate changed from initially -25.8 £ 0.1 %o t0 -27.4 = 0.4 %o (98 % degradation) and of

3-Br-benzoate from -24.0+ 0.1 %o to -28.7+ 0.3 %o (98 % degradation), whereas the 4-ClI-

benzoate §*3C values did not change significantly, from -27.6% 0.1 %o to -27.1+ 0.1 %o (73 %
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degradation). The determined isotopic fractionation were: &Cs.clbenzoate = 0.3 = 0.1 %o
(R2=0.93), £'*Cs-gr-benzoate = 0.9 * 0.1 %o (R2=0.97) and &'3Ca-ci-benzoate = NOt significant (Fig.3).
Thus, a slightly inverse isotope effect (viz. enrichment of the light isotopes in the remaining
substrate) was observed for the degradation of 3-Cl and 3-Br-benzoic acid. Inverse isotopic
effects for carbon may result from strengthening or formation of bonds within the rate
determining step . According to the mechanism (Figure 1) proposed by Kuntze et al 3],
the dehalogenation step is expected to be very fast and therefore not rate determining. This
results from the strong impetus of the re-aromatization, as delocalization of the m-electron
system is energetically more favorable than formation of a 1,3-cyclohexadiene BY. Thus,
CoA-transesterification by benzoyl-CoA-ligase and BcrA class I-mediated de-aromatization
are potential rate determining steps '3l Whereas a carbon-sulfur bond is formed within
transesterification, two carbon-hydrogen bonds are formed when halobenzoyl-CoA is de-
aromatized. As the isotope effects were determined on non-CoA activated benzoates, and as
the benzoyl-CoA ligase reaction is not reported to be reversible nor is spontaneous hydrolysis
energetically favorable for the organism, transesterification is assumed to yield the isotopic
effects determined here. Furthermore, we can assume that once the halo-dienoyl-CoA is
formed, re-aromatization is the impetus to halogen-elimination and formation of benzoyl-
CoA instead of a reaction back towards the halobenzoyl-CoA. Furthermore, the isotopic
effects seem to correspond to (i) the position of the substitution, as meta-halobenzoates (3-ClI-
and 3-Br-benzoate) display slight inverse isotopic effects in comparison with the para-
halobenzoate 4-Cl-benzoate, possibly due to mesomeric stabilization effect differences and
(ii)-the electronegativity of the substituent, as 3-Br-benzoate leads to a threefold higher
inverse —enrichment factor than 3-Cl-benzoate. As bromo-substituents have a lower
electronegativity than chloro-substituents, the electron withdrawing properties and resulting

positive mesomeric effects of bromine are lower than those of chlorine. Thus, the electron
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density within the ring system is higher and this also affects the remaining substituent,
probably- resulting in a slightly stronger C-S-bond with Br-substitution than with CI-
substitution. This corresponds to the statement of Aeppli et al % analyzing polychlorinated
phenols, who attriibutes inverse isotopic effects to bond strengthening and/or formation in the
rate determining step.

When considering the benzoyl-CoA-reduction and dehalogenation reaction Tiedt et al [*°
showed differences in elimination reactions between meta- and para-substitution of CoA-
halobenzoic acids. Whereas meta-substitution leads to spontaneous halogen abstraction by
E2-elimination reaction, protonation of the anionic intermediate after hydride addition would
lead to an unfavorable halo-dienoyl-CoA following an E1cB elimination of the para-
substituent. It was shown that 3-F-benzoyl-CoA is protonated yielding 3-fluoro-dienoyl-CoA,
which is not further converted, whereas 4-F-benzoyl-CoA can be slowly dehalogenated. This
results from the strength of the C-F-bond 1. In contrast, as C-Cl- and C-Br-bonds are
weaker reaction is more feasible but we also find differences in reaction rates according to
the position of the substituent. Whereas 3-Cl-benzoic acid and 3-Br-benzoic acid were
completely degraded after 46 h and 55h, respectively, 4-Cl-benzoic acid was only
completely degraded after 98 h. This points towards differences in the para-substituent

removal reaction from meta-substituent removal confirming results by Tiedt et al. [*%

Conclusion

In this study we developed a LC/IRMS method for determining the stable carbon isotopic
composition of halogenated benzoates. The method is suitable for the separation of
halogenated benzoates from non-halogenated benzoates within 37 min per run using only
inorganic buffer conditions. The concentration range in which stable delta values are obtained

was found to be from 0.13 ng carbon to 1.4 ng carbon on column. Consequently, this method
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facilitates the LC/IRMS measurement of the carbon isotope fractionation of halogenated
benzoic acids in a reliable way and in a suitable concentration range without the need for
derivatization, as is necessary with GC/IRMS. Moreover, 1 nmol C has to be injected for
halogenated benzoates to yield stable isotope ratios by this LC/IRMS method, whereas the
sensitivity limits for GC/IRMS are described as 0.1 —5 nmol 21, Consequently, analysis in

LC/IRMS is possible in a similar concentration range to GC/IRMS.

Fractionation experiments with T. chlorobenzoica 3CB-1T resulted in slightly inverse isotope
effects for 3-Cl- and 3-Br-benzoic acids and no significant effects for 4-Cl-benzoic acid.
Those values pointed towards different reaction mechanisms depending on the substitution
positions and support the findings of Tiedt et al [° that para-substitution leads to an
elimination reaction of the halogen. Whereas an E2-elimination is favorable for meta-
substitution, para-substituted halogens follow E1cB-elimination without involving the halo-
dienoyl-CoA intermediate. To further evaluate the protonation and elimination reactions,
future experiments should include isotopic determination of the halobenzoate-CoA instead of
halobenzoate. Thus, a different rate-determining step would be investigated, possibly giving

further mechanistic insights.

LC/IRMS is a powerful tool for the investigation of polar, water-soluble compounds.
However, at the moment this method is only applicable for single isotope analysis. The
isotope composition of other elements such as chlorine, bromine or hydrogen, which may
reveal interesting insights in reaction mechanisms, can at the moment only be analyzed after

derivatization by GC/Cr/HTC-IRMS 2%l or GC/ICP-MS 134 %],
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Figure 1: Proposed mechanism for dehalogenation of (A) 3-Cl-, 3-Br- and (B) 4-Cl-benzoate
by T. chlorobenzoica 3CB-1" (modified from Kuntze et al [13]). Initially, the halobenzoate is
activated by Coenzyme A (CoA) through benzoyl-CoA-ligase transesterification, resulting in
the formation of the respective CoA-thioester. The further degradation is proposed to occur
via a reductive dearomatization by ATP-dependent BcrA class |. Subsequently,

rearomatization takes place accompanied by hydrogen halide removal resulting in benzoate

being the subject of further degradation via the benzoyl-CoA-pathway 23,
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value for carbon isotope analysis (grey diamonds) of (A) 3-Cl-benzoate, (B) 4-Cl-benzoate

and (C) 3-Br-benzoate. Grey dashed lines indicate determined EA-values.
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Figure 3: Rayleigh Plot for carbon isotope analysis of 3-Cl-, 4-Cl- and 3-Br-benzoate
degradation by T. chlorobenzoica 3CB-1". Whereas no significant isotopic fraction was visible
for 4-Cl-benzoate, 3-Cl-benzoate and 3-Br-benzoate reveal significant inverse carbon

isotopic fractionation.
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Table 1: Optimization of wet oxidation conditions. Isotopic composition (§'3C values [%o]) of
investigated halogenated benzoates at different ortho-phosphoric acid and sodium
peroxodisulfate concentrations and flow rates.

conditions BA 3-CI-BA 4-CI-BA 3-Br-BA

0-HsPOs  NayS;0s  flow rate 513C 813C 81C 813¢C
[mol'LY] gL [uL'minT] [%o] [%o] [%o] [%o]

Elemental analyzer -28.6+0.1 -26.1+0.1 -28.0+0.2 -24.3+0.1

0.75 100 50 -289+0.1 -23.5+0.1 -28.3+0.1 -24.2+0.0
1.5 100 50 -26.5+0.4 -22.8+0.1 -27.1+£0.2 n.d.
1.5 200 50 -28.7+0.1 -25.1+ 0.1 -27.1+0.1 n.d.
1.5 200 100 -28.6+0.2 -26.9+0.7 -28.2+0.2 n.d.
1.5 200 75 -28.5+0.1 -26.6 £ 0.5 -28.0+0.1 n.d.

Legend: BA: benzoic acid, n.d.: not determined,
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