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Abstract

Contamination of soils and sediments with the highly persistent hexachlorocyclohexanes
(HCHs) continues to be a threat for humans and the environment. Despite the existence of
bacteria capable of biodegradation and cometabolic transformation of HCH isomers, such pro-
cesses occur over timescales of decades and are thus challenging to assess. Here, we explored
the use of compound-specific isotope analysis to track the aerobic biodegradation and biotrans-
formation pathways of the most prominent isomers, namely (—)-a-, (+)-a-, 8-, y-, and 6-HCH
through changes of their C and H isotope composition in assays of LinA2 and LinB enzymes.
Dehydrochlorination of (+)-a-, y-, and §-HCH catalyzed by LinA2 was subject to substantial
C and H isotope fraction with apparent '3C- and *H-kinetic isotope effects (AKIEs) of up to
1.029 = 0.001 and 6.7 + 2.9, respectively, which are indicative of bimolecular eliminations.
Hydrolytic dechlorination of 6-HCH by LinB exhibited even larger C but substantially smaller
H isotope fractionation with '>C- and *H-AKIEs of 1.073 +0.006 and 1.41 +0.04, respectively,
that are typical for nucleophilic substitutions. The systematic evaluation of isomer-specific phe-
nomena showed that in addition to contaminant uptake limitations, diffusion-limited turnover
((-)-a-HCH), substrate dissolution (3-HCH), and potentially competing reactions catalyzed by
constitutively expressed enzymes might bias the assessment of HCH biodegradation by CSIA

at contaminated sites.
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Introduction

Hexachlorocyclohexane (HCH) was one of the first commercial and one of the most extensively
used organochlorine pesticides.'> From the 1940s to the 1990s, HCH was intensively used in
agriculture, forestry, and public health.?> Technical HCH was produced by photochlorination of
benzene yielding a mixture of the stable isomers -HCH (60 to 70%), 8-HCH (5 to 12%), y-HCH
(8 to 15%), 6-HCH (6 to 10%), and e-HCH (3 to 4%)."*> Application of technical HCH was
common until the 1950ies, even though it was known that only the y-HCH isomer had insecticidal
properties.® Starting in 1953, technical HCH was replaced by the pure y-isomer, which was
marketed under the brand name “Lindane”. y-HCH was produced by fractional crystallization, a
process in which 85% to 92% of the material was left as isomeric waste that was often dumped in
the environment. -/

Although HCHs have been banned for use as pesticides and have been added to the list of
persistent organic pollutants (POP) under the Stockholm convention, !> HCH residues still occur
in various environmental compartments in concentrations of up to several g kg~ posing serious
environmental problems.?8!10 Especially for clean-up of farmland that is polluted by HCH at
relatively low concentrations (ug kg~!), bioremediation through aerobic HCH biodegradation has
been suggested to be a viable option for clean up.®!!"* An important prerequisite for successful
bioremediation, however, is a thorough understanding of the extent and the nature of transforma-
tion processes at contaminated sites. Monitoring such processes through changes of contaminant
stable isotope ratios by compound-specific isotope analysis (CSIA) is well suited for site assess-
ments. Applications of CSIA to HCH isomers, !>~>* however, are currently limited because of the
complex biochemistry of isomer-specific degradation and transformation pathways observed un-
der aerobic conditions.”!3242% Biochemical complexity arises because, firstly, mineralization by
HCH-transforming strains could only be established unequivocally for y-HCH. Secondly, the other
isomers (a-, 8-, 0-, and e-HCH) are mainly cometabolically transformed to dehydrochlorinated
and hydroxylated metabolites by lindane dehydrochlorinase (LinA) and haloalkane dehalogenase

(LinB), respectively, the first two enzymes of the y-HCH degradation pathway. Thirdly, in many
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Scheme 1 Generalized reaction network for the transformation of HCH (hexachlorocyclohexane)
isomers under aerobic conditions. The main vertical reaction pathway of y-HCH is highlighted in
bold. Deviations from this pathway are shown horizontally to the main pathway. Trichlorobenzenes
(TCB) and 2,5-dichlorophenol (2,5-DCP) are assumed to be formed by spontaneous elimination re-
actions (spont.). When incubated with LinB, HCHs and some PCCHs (pentachlorocyclohexenes) are
hydrolytically dechlorinated to pentachlorocyclohexanols and further to tetrachlorocyclohexanedi-
ols. Other abbrevations used: TCDN for tetrachlorocyclohexadiene, 2,4,5-DNOL for 2,4,5-trichloro-
2,5-cyclohexadiene-1-ol, and 2,5-DDOL for 2,5-dichloro-2,5-cyclohexadiene-1,4-diol. For more de-
tailed chemical structures see Figures S4 and S5.
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instances LinA and LinB compete for the same substrates.®!!>* Scheme 1 comprises the most
relevant dehydrochlorination and hydrolytic dechlorination reactions catalyzed by LinA and LinB,
respectively, and in Figures S4 and S5, we present the chemical structures of the corresponding
HCH isomers and metabolites. The productive pathway enabling growth on y-HCH is shown in
bold as vertical reaction pathway initiated by sequential reactions of LinA. LinB, which is responsi-
ble for hydroxylation of tetra- and trichlorinated intermediates derived from y-HCH, also competes
with LinA for several HCH and pentachlorocyclohexene (PCCH) isomers at other stages in the
reaction network.

The goal of this work was to address the consequences of the biochemical complexity of
the HCH transformation network for applications of CSIA. While CSIA at contaminated envi-
ronments comprise the evaluation of the most important HCH isomers (i.e, (-)-a-, (+)-a-, -,
y-, and 6-HCH), 171821 experimental data on isotope fractionation trends associated with aerobic
biodegradation is scarce and limited to a laboratory study with a- and y-HCH isomers®° (see
compilation in Section S5.2). The current work focuses on a comprehensive investigation of
isomer-specific effects on the isotope fractionation associated with aerobic HCH biodegradation,
namely on enzyme-catalyzed dehydrochlorination and hydrolytic dechlorination reactions. To that
end, we systematically present results on the magnitude and variability of C and H isotope frac-
tionation of LinA- and LinB-catalyzed reactions with (-)-a-, (+)-a-, 8-, y-, and -HCH as well as
on the transformation kinetics of these HCH isomers to less chlorinated products in enzyme assays
containing LinA2 or LinB. This work also includes data on the dehydrochlorination of y-HCH
from our previous study, ! in which we addressed the effect of conformational mobility of HCHs
and where we established the experimental, analytical, and data evaluation procedures required
for the current study. Based on the apparent !3C- and >H-kinetic isotope effects (AKIEs) and the
catalytic efficiencies of LinA2 and LinB for five different HCH isomers, we discuss substrate- and
enantiomer-specific differences in the dehydrochlorination and hydrolytic dechlorination mech-
anisms. The insights from our work in laboratory model systems have important implications

for a successful application of CSIA at contaminated sites by illustrating that, in addition to
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contaminant uptake limitations, diffusion-limited turnover, substrate dissolution, and potentially
competing reactions catalyzed by constitutively expressed enzymes might bias the assessment of

HCH biodegradation.

Materials and Methods

Chemicals and Protein Purification Procedures

In the Supporting Information Section S1, a complete list of chemicals, their suppliers and purities
can be found. Chemical structures of substrates, products, tentative reaction intermediates, and
stereoisomers of PCCH are shown in Figures S4 and S5. Procedures for the purification of LinA2
and LinB from Sphingobium indicum B90A that were expressed in E. coli BL21AI are provided
in Section S2. Growth procedures, induction of enzyme expression, and enzyme purification for

LinA2 were established previously, !> and LinB was produced accordingly.

Biotransformation Experiments

We performed the transformation experiments for each enzyme-HCH-isomer combination sepa-
rately. As shown in Section S3 and Table S1, 0.8 to 35 uM of HCH was incubated with 0.003
to 14.5 ug mL~! of purified enzyme in 150 to 800 mL tris-glycine buffer at pH 7.5 (200 mM
glycine, 25 mM Trizma® base) and 0.1 to 1 vol-% of acetone depending on the solubility of the
HCH isomer. Experiments were carried out at room temperature on an orbital shaker at 100 rpm
(KS15A or SM 30A, Edmund Biihler GmbH). A total of 10 to 14 reactors, sealed with viton rubber
stoppers (Maagtechnic AG), were set up for each experiment. At predefined time-points, reactors
were sacrificed by stopping the reaction through extraction of the analytes into n-hexane or ethyl
acetate for at least 2 min. All substrates and products listed in Figure S4 were extracted into
the n-hexane before opening the reactors (Table S1). Exceptions include pentachlorocyclohexanol

(labelled B1 according to nomenclature proposed by Geueke et al.?* as shown in Figure S4) and
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tetrachlorocyclohexanediol (B2) from S-HCH which were extracted into ethyl acetate (Table S1).
n-Hexane and ethyl acetate contained 20 uM of 2,4-dinitrotoluene as internal standard, to account

for solvent evaporation during sample preparation.

Chemical and Isotopic Analyses

The concentrations of substrates and products were analyzed using a Trace GC Ultra with ITQ
900 (Thermo Scientific) gas chromatography/mass spectrometry device (GC/MS). GC-columns
and temperature programs applied in experiments with different HCH isomers are listed in Table
S1. The amounts of substrate and product were determined from peak areas relative to those
of external standard curves. The concentrations of PCCHs, pentachlorocyclohexanols, and tetra-
chlorocyclohexanediols, for which no standards were available, were approximated with response
factors determined at m/z values of representative ions. The response factor for PCCH isomers
was obtained at m/z 181 during the initial stages of HCH transformation when the amount of
HCH transformed by LinA2 would correspond to the amount of PCCH formed.'> The identical
procedure was applied to obtain a response factor for pentachlorocyclohexanols at m/z of 199
from the reaction of HCH isomers with LinB based on mass spectra published previously.?>3* The
concentration of tetrachlorocyclohexanediols was obtained after substracting the concentrations of
HCH and PCCH from the initial HCH concentration.

13C/12C ratios of a-, B-, and 6-HCH, as well as PCCHs, pentachlorocyclohexanols, and tetra-
chlorocyclohexanediols and *H/'H ratios of a-, 8-, and §-HCH were determined by gas chro-
matography/isotope ratio mass spectrometry (GC/IRMS, Trace GC, Delta plus XL/Delta V plus
equipped with GC combustion III interface, all Thermo Scientific) as described in Schilling et al. '
Details on GC-columns and temperature programs for concentration and isotope analysis of the
analytes are listed in Table S1 according to the substrate used in each experiment. Note that the low
chromatographic resolution of 2H/'H ratio measurements precluded baseline separation of a-HCH
enantiomers.

HCH-containing solvent extracts were analyzed for '3C/'?C and ?H/'H ratios using standard
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bracketing procedures.3! C and Hisotope signatures, 6'>C and 62H, are reported as arithmetic means
of three- and fivefold measurements relative to Vienna PeeDee Belemnite (6'3Cyppg) or Vienna
Standard Mean Ocean Water (6%Hysmov), respectively. Isotopic calibration and measurement

t32

uncertainties of multiple injections were accounted for by using a Kragten spreadsheet”“ as proposed

by Dunn et al. 33

Data Analysis
Reaction Kinetics

The transformation kinetics of HCH isomers to less chlorinated products were evaluated in a series
of ordinary differential equations solved in Copasi.** In cases of enzyme inhibition, the initial
concentrations were adjusted for the amount of residual substrate prior to evaluation of reaction
kinetics. The catalytic efficiencies, k¢qt/ Ky (in M~! s71), of the reactions catalyzed by LinA2 and
LinB were determined under the assumption of Michaelis-Menten kinetics as shown previously. !>

Due to the limited aqueous solubility of HCH isomers (<50 uM), 3336

experiments were conducted
at aqueous substrate concentrations below enzyme saturation, that is at § < Kp,. These boundary
conditions preclude separate quantification of k., and K, and the Michaelis-Menten expression

then modifies to eq 1.

k
v =2 < [Enzlo - [S] = Kobss - [S] (1
m
Kecat Kobs.s
L > 2
Km [Enz]o @)

where v is the reaction rate in M s™!, k., the turnover number in s~!, K., is the Michaelis constant
in M, [Enz]y is the initial enzyme concentration in M, [S] is the substrate concentration in M,
and kobs,s is the first order reaction rate constant of substrate disappearance in s~!. [Enz]y was
calculated from the molar mass of the amino acid sequences (17 341 g mol~! for LinA2 and 33 108

g mol~! for LinB).?” ku/Km-values were obtained from eq 2.
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Stable Isotope Analyses

Bulk C and H isotope enrichment factors, €c and ey, of element E were obtained from non-linear

regression of eq 3 using Igor Pro (WaveMetrics) as described in Section S4.2.

h €E
0"E+1 (c) 3)

SEo+1 \co
where E stands for the isotopic element (C or H), §"Ej is the initial isotope signature of element E,
S"E is the isotope signature of E at any time-point during the reaction, and c¢/cy is the fraction of
remaining substrate. Data from multiple data sets were combined through procedures described in

1.3

Scott et al. °® eg-values were also approximated from the difference of substrate and dechlorinated

product isotope signatures at low substrate turnover (c/co > 0.9, eq 4).3!

h h
€EE X O Eproduct -0 Esubstrate,:o 4)

Apparent '3C-kinetic isotope effects for the transformation of HCH isomers by LinA2 and LinB

were determined with eq 5.

1
13
C-AKIE= ——— 5
l+n/x-z-€e )

where n is the number of C atoms, x is the number of such atoms at reactive positions, and

9 as summarized in Table S3. An

z is the correction for intramolecular isotopic competition?
analogous form of eq 5 was used for determining H-AKIEs for hydrolytic dechlorinations of HCH
isomers catalyzed by LinB with the corresponding parameter values for H atoms (Table S3). To
derive ?H-AKIEs for HCH dehydrochlorination by LinA2, we solved a set of ordinary differential

3140 that included HCH isotopomers containing either only 'H or one ?H atom as shown

equations,
recently in Schilling et al. 1. Input parameters are listed and discussed in Section S4.2. Differential
equations were solved in Aquasim*! by fitting measured species concentrations and H isotope ratios

to eq S7 and the H-AKIE was then obtained from eq 6.
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’H-AKIE = — (6)

Hi
where 'Hk and “Hk are the rate constants for the reaction of light and heavy H isotopologues
of the substrate, respectively (eq S7). Due to the large H isotope effects associated with the
dehydrochlorination of HCHs by LinA2,'3 the correlation of C and H isotope fractionation, AHC,

was evaluated with eq 7.4042

AHIC _ In ((6?H + 1) /(6% Hp + 1)) e
CIn((6BC+1)/(63Co+1)) e

(7N
where AFC was the slope of the linear regression of 6°H vs. 6'C which corresponds to the ratio
of isotope enrichment factors, e/ ec.

Due to the lack of chromatographic resolution for 2H/'H ratio measurements of «-HCH ena-
tiomers, H isotope fractionation could only be evaluated quantitatively for the less reactive enan-
tiomer (+)-a-HCH once the more reactive enantiomer (—)-a-HCH had disappeared. The e-values

derived from this data depended on assumptions for the initial 5H-values of (+)-a and (—)-a-HCHs

as documented in model calculations shown in Section S4.3.

Results

LinA2-catalyzed transformation reactions

Incubation of LinA2 with a- and 6-HCH led to their transformation by dehydrochlorination. S-
HCH was not transformed by LinA2 (Figure S7) consistent with previous findings that S-HCH is
not a substrate of LinA. 3 Catalytic efficiencies, k., / K, isotope enrichment factors, €, and apparent
kinetic isotope effects, AKIE, for dehydrochlorination of @- and 6-HCH are compiled in Table 1

together with data for y-HCH obtained recently. 1>

10
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0-HCH

0-HCH was completely transformed within 9 hours when incubated with LinA2 (Figure 1A).
0-PCCH was observed as an intermediate that transformed to 1,2,3- and 1,2,4-TCB. At the end of
the incubations, the sum of substrate and metabolite concentrations matched the initial substrate
concentration, which indicated a complete mass balance. The changes of ¢'°C values of &-
HCH and of its products are shown in Figure 1B. The C isotope enrichment factor, c, for the
dehydrochlorination of 6-HCH was —9.1 + 0.4 %o (eq 3). ¢ 13C values of §-PCCH showed the
typical isotope enrichment of a transient product. Initially, S-PCCH was depleted in '*C, and in
the course of the reaction, it became enriched in '3C. As accumulating final product, 1,2,4-TCB
was depleted in '3C relative to §-HCH and §-PCCH but only accounted for approx. 15% of the
transformed substrate. Figure 1C shows the strong H isotope fractionation of 9-HCH for the LinA2-
catalyzed transformation reaction. The H isotope enrichment factor, ey, amounted to 182 + 18%

(Table 1).

a-HCH

When incubating racemic a-HCH with LinA2, the (-)-enantiomer, (—)-a-HCH, was transformed
much faster than the (+)-enantiomer, (+)-a-HCH (Table 1, Figures 1D and G), consistent with
previous work.?”** To analyze the reaction progress of both enantiomers in an optimal range, we
set up two separate incubations. Data for (-)-a-HCH were obtained when racemic a-HCH was
incubated with LinA2 at a low enzyme concentration (0.01 ug mL~"), whereas data for (+)-a-HCH
were obtained with incubations at a high enzyme concentration (0.7 ug mL™").

Out of four theoretically possible PCCH stereoisomers generated through dehydrochlorination
of (-)-a- and (+)-a-HCH, (Figure S6), only the two S-PCCH enantiomers were formed in these
incubations. (—)-a-HCH was exclusively transformed to S8-PCCH2 and (+)-a-HCH exclusively
to BS-PCCH1 (Figures 1D, G and S6). Subsequently, both S-PCCH enantiomers were further
transformed to 1,2,4-TCB, except in the incubations at low enzyme concentrations, in which the

reaction ceased after 20 min without formation of 1,2,4-TCB. At the end of the experiments, the

11
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Figure 1 Concentration trends and C and H isotope fractionation associated with the dehydrochlo-
rination of 6-HCH (panels A-C) and a-HCH (panels D-I) in assays with LinA2 at pH 7.5. Panels D
to F and G to | show the results of two separate experiments with 0.01 and 0.7 ug LinA2 mL™!,
respectively. The top row, panels A, D, and G, shows measured and approximated concentrations
of substrates and all products and the solid lines represent best fits obtained for solving a series of
ordinary differential equations.®* The second row, panels B, E, and H, illustrates C isotope fraction-
ation of substrate and products. The third row, panels C, F, and I, reports H isotope fractionation of
the substrates. Solid lines in isotope fractionation plots (B-C, E-F, H-1) represent non-linear fits to
eq 3 and the shaded ares are 95% confidence intervals. Note that x-axes in panels E and F only
show the first 50% of substrate disappearance, i.e., ¢/cy > 0.5 and that §'3C values for (+)-a-HCH
in panel E are plotted vs. ¢/cq of (—)-a-HCH.
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concentration of unreacted substrates and that of metabolites formed matched the initial substrate

concentration.

(-)-a-HCH In experiments at low enzyme concentration (0.01 ug mL™!), (-)-a-HCH transfor-
mation stopped after about 20 min (Figure 1D) when only approx. 35% had disappeared. The
expected final transformation product, 1,2,4-TCB 27 could not be detected. In experiments at high
enzyme concentration (0.7 ug mL~"), the concentration of (—-)-a-HCH decreased rapidly within 20
min and then remained constant at about 3 uM until the end of the experiment (Figure 1G).
Contrary to observations with other HCH isomers, there was no change in the ¢ 13¢C of (-)-a-
HCH throughout its reaction in experiments with high and low enzyme concentrations. We also
did not measure any change in §'3C of the reaction product S-PCCH2 throughout the reaction at
low enzyme concentration (Figure 1E; note that the x-axis only scales to 50% reactant conversion).
However, 8-PCCH2 was depleted in '3C and the §'3C values of (—)-o-HCH and 8-PCCH2 differed
by —11.7 = 1.5%. This difference corresponds to a C isotope enrichment factor, ec, of the
same magnitude (eq 4). In contrast, in the experiment at high enzyme concentration, the C
isotope signatures of (—)-a-HCH (-25.7 + 0.1%0) and S8-PCCH2 (—25.0 = 0.1%0) differed only by
—0.7 + 0.1%0 early in the reaction (i.e., ¢/co > 0.9, Figure 1H). However, it needs to be noted
that we could not separate the two S8-PCCH enantiomers for C isotope ratio measurements. Since
B-PCCHI1 was only present at minimal concentrations, especially after 20 min, we attributed the
measured signature solely to S-PCCH2. We also observed H isotope fractionation of @-HCH during
the dehydrochlorination reaction (Figure 1F) corresponding to an ey of —113 + 78%¢. Due to the
lack of chromatographic resolution of a-HCH enantiomers during 2H/'H-ratio analysis and the
concomitant reaction of a small amount of (+)-a-HCH, this ey cannot be assigned unequivocally

to (—)-a-HCH dehydrochlorination (see discussion below and Section S4.3).

(+)-a-HCH Whereas (+)-a-HCH was not transformed in incubations at low enzyme concentra-
tions (Figure 1D), it was completely turned over in incubations at high enzyme concentrations (0.7

ug mL~!, Figure 1G). In such reactions, 8-PCCH1 appeared as transient species at concentrations

13
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< 3uM, and 1,2,4-TCB became the final product. The C isotope signature of (+)-a-HCH in the
course of the reaction is shown in Figure 1H and showed large isotope fractionation equivalent to
an ec of —9.6 + 0.1%o (Table 1). In agreement with the fact that the final product of the dehy-
drochlorination of both S-PCCH enantiomers in incubations with LinA2 is 1,2,4-TCB, 1,2,4-TCB
was the only accumulating final product. Figure 1H shows that late in the transformation reaction
(i.e., after 25 min), the final s13C signature of 1,2,4-TCB became equal to the initial signature
of @-HCH. Because (—)-a-HCH was transformed immediately in these reactors, we attributed the
observable H isotope fractionation shown in Figure 11 to (+)-o-HCH with an enantiomer-specific

e, of =208 + 19%o for (+)-a-HCH (Table 1, Section S4.3).

LinB-catalyzed transformation reactions

Incubation of LinB with (-)-a-, 8-, and 6-HCH resulted in their transformation by hydrolytic
dechlorination. (+)-a-HCH was not transformed when incubated with LinB. As it was previously
shown that y-HCH is not a substrate of LinB,?® we did not conduct experiments with y-HCH.

Catalytic efficiencies of LinB, k., /Kn, for the three substrates are given in Table 1.

o0-HCH

0-HCH was completely transformed within 5 h when incubated with LinB (Figure 2A). Con-

comitantly, 2,3,4,5,6-pentachlorocyclohexane-1-ol (labelled D1 24

in Figure 2A) was transiently
accumulating. Its disappearance after 2 h indicated the formation of the expected final product
2,3,5,6—tetrachlorocyclohexan—1,4—diol,25 which we were not able to measure with our analytical
setup. Figures 2B and C show the C and H isotope fractionation during hydrolytic dechlorination

of 6-HCH. The C and H isotope enrichment factors, ec and ey, amounted to —11.4 + 0.2%¢ and

—43 + 24%q, respectively (Table 1).
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Figure 2 Concentration trends and C and H isotope fractionation associated with the hydrolytic
dechlorination of -HCH (panels A-C), a-HCH (panels D-F), and 8-HCH (panels G-H) in assays with
LinB at pH 7.5. The top row, panels A, D and G, show measured and approximated concentrations
of substrates and selected products. Solid lines represent best fits obtained for solving a series of
ordinary differential equations.3* The second row, panels B, E, H, and panel | in the third row show
C isotope fractionation of substrates and selected products. Panels C and F illustrate substrate H
isotope fractionation. Solid lines in panels B, C, E, F, and H are nonlinear fits to eq 3 and the shaded
areas are 95% confidence intervals. Note that x-axes in panels E and F only show the first 50% of
substrate disappearance, i.e., c¢/cy > 0.5 and that 6'3C values for (+)-&-HCH in panel E are plotted
vs. ¢/cq of (=)-a-HCH.

15



254

255

256

257

258

259

260

261

262

263

264

265

267

268

269

270

271

272

273

274

275

276

277

278

279

(—)-a-HCH

Figure 2D shows that the (—)-a-HCH isomer was transformed only to a minor extent (30%) in a
period of approximately 8 hours. The (+)-a-HCH enantiomer, however, was not transformed at
all. The observable C fractionation of (—)-a-HCH was small (Figures 2E and F). ¢c amounted to
—1.8 £ 0.8% (Table 1). The apparent H isotope fractionation again applies for the mixture of both
a-HCH enantiomers (Figure 2F) and could be quantified with an ey of —39 + 32%¢. As illustrated
in Section S4.3, this H isotope fractionation is most likely an artifact that could be the consequence
of different initial 6°H signatures, that is, isotopically heavy (-)-a- and light (+)-a-HCH. The
exclusive reaction of (-)-a-HCH with more negative §°H by LinB would result in the accumulation

of (+)--HCH and increase the 6°H of the measured bulk «-HCH towards less negative values.

B-HCH

We observed the transformation of S-HCH by LinB at three different nominal initial concentrations
(0.8, 6, and 25 uM). The results for experiments with the two smaller initial concentrations of
B-HCH are shown in Figure 2G, the one for 25 uM in Figure S8A. The accumulation of the
expected products, 2,3,4,5,6-pentachlorocyclohexan-1-ol (B1) and 2,3,5,6-tetrachlorocyclohexan-
1,4-diol (B2),? is shown here for experiments with 6 uM S-HCH. Interestingly, we only observed
C isotope fractionation in the experiments at lowest initial substrate concentrations (0.8 uM,
Figure 2H) with an ec of —5.5 + 0.8%o. Due to the low sensitivity of H/'H analysis, H isotope
signatures of S-HCH could not be determined for this experiment. At higher initial concentrations
of 6 and 25 uM, we were able to determine both C and H isotope signatures, but neither ¢ B¢
nor 6°H values of S-HCH changed during its transformation (Figures 2I and S8B, note that the
used B-HCH specimen had different initial 513C values). In contrast, the 63C of 2,3,4,5,6-
pentachlorocyclohexan-1-ol (B1), the first hydroxylated intermediate in the reaction, showed the
typical trend for transient reaction product (Figure 2I). The difference of §'3C between S-HCH
and B1 amounted to —13.5 + 1.5%0 and offers an alternative estimate for ec of 3-HCH hydrolytic

dechlorination (eq 4). Note that this ec is substantially larger than the value determined from C
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isotope fractionation of the substrate 5-HCH.

Discussion

Dehydrochlorination Catalyzed by LinA2

Enzyme Kinetics

All LinA2-catalyzed dehydrochlorinations of HCH led to PCCH intermediates that reacted further
to different TCB isomers. The catalytic efficiency, kc¢at/ K, differed by four orders of magnitude
from 8.9-10% t0 5.6- 10 M~'s™! (Table 1). (-)-a-HCH was transformed most efficiently, followed
by y-HCH. LinA2 displayed similar k., /Kpn-values for 6-HCH and (+)-a-HCH. We obtained a
keat/ K value for (—)-a-HCH transformation that was four orders of magnitude higher than that for
(+)-a-HCH. In agreement with our data, Sharma et al. * reported turnover rates of purified LinA2
decreasing in the same sequence (-HCH > y-HCH > §-HCH). While Sharma et al.** did not
distinguish between @-HCH enantiomers, this preference of LinA2 for the (—)-a-HCH enantiomer
over the (+)-a-HCH enantiomer has been reported before. 2743 Despite the high kcy/Kpn-value,
(—)-a-HCH was not completely turned over when incubated with LinA2 (Figure 1D, G). Residual
(—)-a-HCH concentrations increased from 2.7 to 23 uM, corresponding to 7% and 45 respectively,
of the initial substrate concentration, with decreasing enzyme concentrations (0.7 to 0.01 ug mL™").
This observation suggests possible enzyme inhibition, as has been shown for LinA2 when incubated
with racemic B-hexabromocyclododecane (8-HBCD).*> There, Heeb et al.*> showed that the (+)-
B-HBCD enantiomer was turned over much faster when it was incubated with LinA2 as the pure

(+)-enantiomer than when it was incubated with LinA2 as part of a racemic mixture.

Isotope Fractionation and Kinetic Isotope Effects

Despite substantial differences in catalytic efficiencies, carbon enrichment factors, ec, were similar

for all HCH isomers (Table 1) and ranged from —8.3+0.1 to —9.6+0.1%o for (+)-a-, y-, and -HCH.
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(—)-a-HCH showed no C isotope fractionation over the course of the reaction (see discussion below).
Apparent 'C-kinetic isotope effects, '*C-AKIEs, derived from ec values, ranged from 1.025+0.005
to 1.029 + 0.001 (Table 1) and were indicative of bimolecular elimination (E2) reactions when
compared to both theoretical and experimental isotope effects of dehydrochlorination reactions.
They were consistent with theoretical '3*C-KIEs computed by Saunders ® for elimination reactions
of ethyl chloride with different nucleophiles (1.015 to 1.032) as well as with the dehydrochlorination
of polychlorinated ethanes (1.027 to 1.031).4

Hydrogen isotope enrichment factors, ey, describing the substantial H isotope fractionation
observed in the substrates varied from —160 + 6 to —208 + 19% for (+)-a-, y-, and 5-HCH. The
2H-AKIE:s calculated with an isotopomer-specific model (Section S4.2) spanned from 2.6 + 0.1 to
6.7 £2.9 (Table 1) in agreement with the notion that cleavage of bonds to H contribute to the rate-
limiting step of dehydrochlorination reactions (Scheme 2).*¥->3 Variation of the large H-AKIEs
could be an indication that the timing of C—H and C—-CI bond breaking differs somewhat among
HCH isomers despite transformation of all HCHs according to the same reaction mechanism. We
assume that differences in the relative timing of proton transfer versus the cleavage of the C—Cl
bond have caused the variations in H isotope fractionation.

Based on the same hypotheses, Manna and Dybala-Defratyka>* computed '3C- and *H-KIEs
of HCH isomers reacting with LinA2 using density functional theory and continuum solvation
models. Averaged predicted '3C-KIEs were between 1.01 and 1.02 and thus substantially smaller
than values measured here. For y-HCH and 6-HCH transformation, 2H-KIE-values between 4.1
to 5.1 and 3.0 to 5.1, respectively, were calculated. While the predictions for the 2H-KIE of §-
HCH dehydrochlorination agree with our observations (4.2 + 0.1), predictions for H-AKIEs of
y-HCH were higher than we reported recently (2.6 + 0.1).'> Although the calculations of Manna
and Dybala-Defratyka>* revealed significant variations in >H-KIEs between HCH isomers, theory
failed to correctly predict the variations among HCH isomers that we observed experimentally.

We observed substantial differences in isotope fractionation behavior between (+)-o-HCH and

(—)-a-HCH (Figures 1E-F, H-I). While transformation of (+)-a-HCH was associated with the
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strong C and H isotope fractionation considered indicative of dehydrochlorination by LinA2, data
for (—)-a-HCH remain somewhat enigmatic. Despite absence of substrate isotope fractionation, the
reaction product S-PCCH (Figure 1E) was depleted in '>C to an extent that corresponds to an ec of
—11.7 +1.5%0 and a '3C-AKIE of 1.036 + 0.005. These numbers are somewhat higher than for the
other HCH isomers but still representative for isotope effects of E2 reactions. We hypothesize that
the rate of (—)-a-HCH disappearance is not associated with bond cleavage but with another process
such as the formation of the enzyme-substrate complex. It was shown for acetylcholinesterase, an
enzyme whose rate-determining step is the diffusion-controlled encounter of the enzyme with free
substrate,> that all the possible deuterium-substituted isomers of acetylcholine reacted at the same
rate as acetylcholine itself.”%>7 There was no isotope effect associated with these reactions. The
authors concluded that in this case, the rates of all chemical steps in the reaction sequence were
more rapid than the encounter of the substrate with the active site of the enzyme.>’ In analogy, we
interpret the absence of C isotope fractionation in the case of dehydrochlorination of (—)-a-HCH
by LinA2 as indication that already a kca /K as high as 5.6-10° M~'s~! identifies this reaction as
diffusion-controlled. As noted above, while we observed no C isotope fractionation in (-)-a-HCH
as a substrate, there was a significant enrichment of light C isotopes in the S-PCCH intermediate.
In contrast to the concentrations-based mass balance with (—)-a-HCH and B-PCCH2 in Figure
1D, the isotopic mass balance was not complete. This observation implies that some other species
enriched in 13C should exist in our system which we were unable to observe. To our knowledge,
masking of substrate fractionation has never been observed in combination with visible isotope
enrichment in the product. This phenomenon needs further investigation.

The observable H isotope fractionation at low LinA2 concentration shown in Figure 1F repre-
sents averaged data for both a-HCH enantiomers due to the lack of chromatographic resolution. We
assigned this H isotope fractionation to the dehydrochlorination of (+)-a-HCH while 62H for the
(—)-a-enantiomer should remain constant given that there was no C isotope fractionation for this
compound. Even though (+)-a-HCH was transformed only to a minor extent (< 4%, Figure 1D),

the substantial 2H-AKIE of the (+)-a-enantiomer of 6.7 + 2.9 is likely responsible for the observed
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Hydrolytic dechlorination
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Scheme 2 Mechanisms and tentative transition state structures of HCH dehydrochlorination by
LinA2 through bimolecular elimination (E2) and hydrolytic dechlorination by LinB through bimolecular
nucleophilic substitution (Sy2) involving histidine and aspartate residues in the active site, respec-
tively. %85° Note that Cl and H atoms in non-reactive positions are not drawn here for simplicity.

62H trends in Figure 1F. Model calculations shown in Section S4.3 support this interpretation.

Bashir et al.%°

studied carbon isotope fractionation associated with the transformation of a-
HCH in assays with whole cells of S. indicum B90OA expressing LinA1l, LinA2, and LinB. They
reported isotope fractionation for both @-HCH enantiomers with ec-values of —2.4 + 0.8%¢ and
—0.7 £ 0.2%0 for (+)-a-HCH and (-)-a-HCH, respectively. The apparent discrepancy between our
data from pure enzyme assays and these of whole cell experiments performed by Bashir et al. 2
is likely due to the expression of both LinA1 and LinA2 variants in S. indicum B90A. As LinAl,
which is known to transform (+)-a-HCH preferentially, also has some activity with (-)-a-HCH,?’
we suggest that the observed C fractionation of (—)-a-HCH in assays with whole cells was due

to transformation by LinA1l. More detailed data on the kinetic isotope effects of LinAl and on

isotopic masking in whole cell assays is necessary to confirm this interpretation.
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Hydrolytic dechlorination catalyzed by LinB
Enzyme Kinetics

The catalytic efficiencies, k., /K, of LinB-catalyzed hydrolytic dechlorination of HCH isomers to
pentachlorocyclohexanols ranged from 2.8 - 10% to 3.5- 10* M~!'s~!, with 8-HCH being transformed
the fastest followed by §-HCH and (—)-a-HCH (Table 1). The kcqt/Km-value of 9.4 - 10> M~ 1s~!
(Table S6) for the transformation of 6 uM of S-HCH by the LinB variant we studied here agreed
well with those obtained with LinB variants originating from other bacteria (1.9 - 10> to 1.0 - 10
M~1s71).69-61 We also obtained values that were one order of magnitude higher (3.5 - 10* M~!s™1)
at low substrate concentrations (0.8 uM) and ascribe this difference to the typical variability
of biological replicates as well as uncertainties in the determination of enzyme concentrations.
In assays with high initial concentration of S-HCH (25 uM), the substrate was not transformed
completely (Figure S8A). This observation has also been reported previously for other variants of
LinB.%*01:62 Nagata et al. ®! showed that the best curve fit of the transformation of 8-HCH catalyzed
by LinB from S. japonicum UT26 was obtained when assuming product inhibition.

Although the transformation of §-HCH by LinB has been studied previously, 24263

no catalytic
efficiencies or reaction constants have been published. Geueke et al.?* reported that in incubations
with the same amount of LinB as used here, 6-HCH was transformed completely after 24 hours,
while 15-20% of the initial S-HCH still remained. In contrast to these findings, our experiments
showed a 10-fold higher catalytic efficiency of LinB for transformation of S-HCH than for 6-HCH
(Table 1). Based on the available data, we were unable to identify the reason for this discrepancy.
The transformation of a-HCH by LinB has been reported before,>*%° but this study is the first
to report enantiomer-specific transformation of a-HCH with LinB. We observed the selective yet
incomplete degradation of (—)-a-HCH when incubated with 13-15 ug mL~! LinB for 8 h. Geueke
et al. >* reported complete transformation of o-HCH after 24 hours of incubation with 16 ug mL™!

of the same LinB variant. Similar to observations for LinA2-catalyzed dehydrochlorination of

a-HCH, we hypothesize that products or the non-reactive (+)-o-HCH inhibited LinB.
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Isotope Fractionation and Kinetic Isotope Effects

We only obtained unambiguous C and H isotope enrichment factors for 6-HCH with an e of
—11.4 + 0.2%0 and an ey of —43 + 24% (Table 1). The C isotope enrichment for - and (-)-
a-HCH was substantially smaller with ec-values of —5.5 + 0.8%0 and —1.8 + 0.8%, respectively.
C isotope fractionation of S-HCH vanished as substrate concentrations increased from 0.8 to 25
uM. This trend suggests a masking of isotope fractionation through dissolution processes because
of the limited aqueous solubility of of S-HCH. %455 The extent of (—)-o-HCH transformation, in
contrast, was limited by the presence of the (+)-o-HCH enantiomer and/or reaction products. The
quantification of C isotope fractionation in a substrate with such a low turnover is very uncertain.>°
The observed H isotope fractionation is likely an artifact of different initial §°H values of (-)-a-
and (+)-a-HCH enantiomers. As is discussed in Section S4.3, the observed 6°H trends could
have been caused by the preferential reaction of isotopically heavy (—)-a-HCH and concomitant
enrichment of the remaining enantiomer mixture with isotopically light (+)-a-HCH.

Due to these limitations, '*C- and ?H-AKIE-values for hydrolytic dechlorinations by LinB
were derived from data for 6-HCH. The '3C-AKIE of 1.073 + 0.006 for the transformation of
¢0-HCH by LinB was distinctly higher than transformation of 6-HCH by LinA2 , whereas H isotope
fractionation was smaller with a 2H-AKIE of 1.41 + 0.04 (Table 1). The high '3C-AKIE of 6-
HCH is in agreement with theoretical and experimental '3C-AKIEs of bimolecular nucleophilic
substitution (SN2 type) reactions (Scheme 2) in which H atoms only experience secondary isotope
effects while bonds to C are both broken and formed. '*C-AKIEs range from 1.03 to 1.07 for
halogenated hydrocarbons undergoing Sn2 type reactions. 0% 13C-AKIEs of similar magnitude
as found here for 6-HCH incubated with LinB were reported for the enzyme-catalyzed nucleophilic
substitution of 1,2-dichlorethane in whole cell assays (1.068).66 The 2H-AKIE, on the other hand,
was higher than observed typically for Sx2 and Sx1 type reactions.®”%8 Elsner et al.” inferred
2H-KIEs from anaerobic Sy2 reactions® and reported values for methyl ert-butyl ether undergoing
Sn2 reactions ranging from 1.05 to 1.09. Nevertheless, the moderately large >H-AKIE found here

for the hydrolytic dechlorination of 6-HCH, illustrate that bond cleavage reactions determine the
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Figure 3 Correlation of C and H isotope fractionation associated with the dehydrochlorination of (+)-
a-, y-, and 6-HCH by LinA2 (A™C = 16-22) and hydrolytic dechlorination of -HCH by LinB (AH© =
4.0). The solid lines represent correlation slopes, A™C (Table 1). Data for y-HCH are reproduced
from Schilling et al. '®

rates of HCH transformation catalyzed by LinB.

Implications

Despite considerable substrate-dependency, we observed some general trends for the C and H
isotope fractionation and isotope effects associated with the dehydrochlorination and hydrolytic
dechlorination of HCH isomers by LinA2 and LinB, respectively. Figure 3 and the corresponding
data in Table 1 illustrate that the two reactions differ primarily in the magnitude of H isotope
fractionation whereas the magnitude of C isotope fractionation is about the same in both cases.
As a consequence, the slopes of the correlation, AFC, are steeper for dehydrochlorination (i.e.,

between 16 and 22) than for hydrolytic dechlorination (4.0). These isotope fractionation patterns
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are important benchmarks for the identification of the two initial biotransformation steps of HCHs
under aerobic conditions.

While this study was carried out with purified enzymes and thus focussed on identifying
isomer-specificities pertinent to the two reactions initiating aerobic HCH biodegradation and bio-
transformation, our work also offers insights for the application of CSIA at HCH-contaminated
sites. First, even though data for isomer-specific isotope fractionation of HCH is scarce (Table S5)
and restricted to C isotopes, the comparison of results from enzyme assays vs. whole cell systems
for - and y-HCH?? illustrates that the large '>*C-AKIEs are masked so that ec-values are up to
6-fold smaller when transformations occur in bacteria. This observation implies that future studies
should also include the evaluation of additional isotopic elements such as H and C1.7%73 Assessing
potentially small isotope fractionation of HCHs based on correlations of isotope fractionation such
as A"C shown in Figure 3 provides more reliable means to identify degradation processes in the
environment. Second, our work also reveals that additional processes can bias the interpretation
of isotope fractionation. The high catalytic efficiency of LinA2 with (—)-e-HCH and the ensu-
ing diffusion limitation as well as the poor solubility of S-HCH both led to a situation, in which
other processes than bond-cleavage reactions are determining the rate of HCH disappearance. In
fact, dissolution processes of poorly soluble organic contaminants often play an essential role at
contaminated sites. Finally, our comparison of isotope fractionation for HCH isomers that can be
transformed with LinA and LinB points to possible complications through competitive, enzyme-
catalyzed reactions. LinA and LinB are both critical for HCH-metabolism in HCH-degrading
bacteria and the two enzymes are expressed constitutively in Spingomondaceae.?*™ LinA cat-
alyzes the first two dehydrochlorinations of y-HCH and y-PCCH on the pathway to mineralization,
whereas LinB is involved in the transformation of tetra- and trichlorinated intermediates (Scheme
1). However, recent evidence suggests a competitive behavior of LinA and LinB towards trans-
formation of HCH isomers.?* It is thus conceivable that the biotransformation of the a-, B-, and
0-HCH isomers, which are not mineralized, could be caused by both dehydrochlorination by LinA

and hydrolytic dechlorination by LinB. The observable C and H substrate isotope fractionation
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ss7 would then represent a combination of the trends shown in Figure 3. In fact, it is unclear if
sss  such phenomena may have influenced the outcome of current studies in experiments with whole
ss0 organisms. Further work exploring the modulation of contaminant isotope fractionation by the
w0 above mentioned factors is necessary to delineate conditions for a successful assessment of HCH

w1 degradation at contaminated sites by CSIA.
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