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5 ABSTRACT: Dehydrochlorination is one of the main (thus far
6 discovered) processes for aerobic microbial transformation of
7 hexachlorocyclohexane (HCH) which is mainly catalyzed by LinA
8 enzymes. In order to gain a better understanding of the reaction
9 mechanisms, multi-element compound-specific stable isotope
10 analysis was applied for evaluating α- and γ-HCH transformations
11 catalyzed by LinA1 and LinA2 enzymes. The isotopic fractionation
12 (εE) values for particular elements of (+)α-HCH (εC = −10.7 ±
13 0.7‰, εCl = −4.2 ± 0.5‰, εH = −154 ± 16‰) were distinct from
14 the values for (−)α-HCH (εC = −4.1 ± 0.7‰, εCl = −1.6 ± 0.2‰,
15 εH = −68 ± 10‰), whereas the dual-isotope fractionation patterns
16 were almost identical for both enantiomers (ΛC−Cl = 2.4 ± 0.4 and 2.5 ± 0.2, ΛH−C = 12.9 ± 2.4 and 14.9 ± 1.1). The εE of γ-HCH
17 transformation by LinA1 and LinA2 were −7.8 ± 1.0‰ and −7.5 ± 0.8‰ (εC), −2.7 ± 0.3‰ and −2.5 ± 0.4‰ (εCl), −170 ±
18 25‰ and −150 ± 13‰ (εH), respectively. Similar ΛC−Cl values (2.7 ± 0.2 and 2.9 ± 0.2) were observed as well as similar ΛH−C
19 values (20.1 ± 2.0 and 18.4 ± 1.9), indicating a similar reaction mechanism by both enzymes during γ-HCH transformation. This is
20 the first data set on 3D isotope fractionation of α- and γ-HCH enzymatic dehydrochlorination, which gave a more precise
21 characterization of the bond cleavages, highlighting the potential of multi-element compound-specific stable isotope analysis to
22 characterize different transformation processes (e.g., dehydrochlorination and reductive dehalogenation).
23 KEYWORDS: transformation, isotope fractionation, pesticides, LinA enzymes, dehydrochlorination

24 ■ INTRODUCTION
25 The photocatalytic synthesis of hexachlorocyclohexane
26 (HCH) yields four main isomers (α-, β-, γ-, and δ-HCH).1
27 Technical HCH (the mixture of different HCH isomers) was
28 used as a pesticide since the late 1940s until γ-HCH was
29 identified as the only isomer which possesses insecticidal
30 activity. Since then, γ-HCH was purified from the other
31 isomers and marketed as lindane with purities up to 99%.2−4

32 Large amounts of HCH have entered the environment during
33 agriculture application, and uncontrolled or unconstrained
34 dumping of waste HCH isomers after lindane was isolated.
35 Due to their persistence, toxicity, and bioaccumulation, HCH
36 isomers were added to the list of persistent organic compounds
37 during the Stockholm Convention in August 2010.4 However,
38 many of the stockpiles are still present in contaminated soil
39 and groundwater and represent a large contaminant reservoir
40 with about 7 million tons of HCH residuals in the
41 environment.5,6

42 Biotransformation is one of the most promising processes
43 for the remediation of HCH-contaminated sites. Several
44 anaerobic cultures have been reported to be able to reduce
45 HCH by dehalogenation, including Dehalobacter and Dehalo-
46 coccoides, which can convert HCH by cleaving two C−Cl

47bonds.7−10 In the case of aerobic degradation, more than 30
48HCH-degrading Sphingomonas have been described and
49isolated in the last decades.11−14 Within these cultures,
50Sphingobium indicum B90A, Sphingobium japonicum UT26,
51and Sphingobium francense Sp+ have been intensively
52investigated.11 Especially, the transformation pathways of
53HCHs by S. indicum B90A and the corresponding enzymes
54have been studied in detail. Those studies revealed two key
55enzymes, LinA1 and LinA2, which could catalyze the
56dehydrochlorination of α-, γ-, and δ-HCH.15−17 A previous
57study on the complete genome of strain B90A revealed that it
58harbors four replicons: one chromosome (3,654,322 bp) and
59three plasmids designated as pSRL1 (139,218 bp), pSRL2
60(108,430 bp), and pSRL3 (43,761 bp), where LinA2 is on the
61chromosome and LinA1 is on the pSRL1.18 Probably due to
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62 the absence of regulatable promoters and a scattering of the
63 different genes, both LinA1 and LinA2 in strain B90A are
64 expressed to a constitutive level during the transformation of γ-
65 HCH.18 The amino acid sequences of LinA1 and LinA2
66 enzymes are very similar (90%), differing only by 15 out of 156
67 amino acids.19 Remarkably, for α-HCH, which is the only
68 HCH isomer possessing two enantiomers, it was demonstrated
69 that the transformation of (+)α-HCH is mainly catalyzed by
70 LinA1 whereas the (−)α-HCH transformation is primarily
71 catalyzed by LinA2.15 The reversal in its preference from the
72 (−) to the (+)α-HCH could be the results of the three amino
73 acid changes in LinA1(K20Q, L96C, and A131G) and
74 enhanced by the change of amino acid T133M.19,20

75 Furthermore, multiple studies have been focused on character-
76 izing the type of enzymes and their differences which may link
77 to their catalytic efficiency of the respective ligand by quantum
78 mechanics/molecular mechanics modeling.20,21

79 Bench studies have also been conducted to investigate the
80 dehydrochlorination mechanisms and reaction pathways.22,23

81 In recent years, compound-specific stable isotope analysis
82 (CSIA) has been applied for investigating the isotope
83 fractionation associated with the HCH biotransformation
84 processes.16,17,24−27 Isotope fractionation is based on slightly
85 different reaction kinetics of molecules which differ in their
86 isotopic composition, as most isotopologues with the light
87 isotope at the reactive position react faster than isotopologues
88 possessing the corresponding heavy isotope at the same
89 position. This normal isotope effect results finally in the
90 accumulation of the heavier isotopes in the remaining
91 substrate, whereas the lighter isotopes enrich in the formed
92 product. The extent of this isotope enrichment can be
93 quantified by the Rayleigh equation. However, it must be
94 noted that the observed isotope fractionation can be decreased
95 due to steps controlling the overall kinetics of the reaction,
96 prior to the isotope-sensitive bond cleavage. For example, the
97 binding of the substrate to an enzyme can be a rate-limiting
98 step of biotransformation reactions and can mask the
99 biochemical isotope fractionation,16 which will limit the
100 application of single element CSIA for investigation of reaction
101 mechanisms.
102 Methodological advances over the last decade now allow
103 multi-element compound-specific stable isotope analysis (ME-
104 CSIA) for overcoming this obstacle, as the masking effect of
105 isotope enrichment of two elements in one molecule is
106 expected to be similar.28,29 Thus, dual-element slopes (e.g., for
107 carbon and chlorine, ΛC−Cl = Δδ13C/Δδ37Cl, where Δδ13C
108 and Δδ37Cl are the changes in isotope compositions of carbon
109 and chlorine, respectively) can be related to specific reaction
110 mechanisms. Furthermore, triple-element isotope analysis was
111 applied for identifying different transformation pathways of
112 organic compounds, such as herbicide30 and 1,2-dichloro-
113 ethane.31 The ΛC−Cl values for reductive dehalogenation of
114 HCHs by anaerobic cultures (bond cleavage of two C−Cl
115 bonds) and the scenarios of bond cleavage have been carefully
116 discussed in previous studies.10,32 In the case of aerobic HCH
117 transformation (dehydrochlorination with the cleavage of C−
118 H and C−Cl bonds), previous studies only reported the ΛC−H
119 values of HCH,17,26 which limited the application of ME-CSIA
120 to distinguish with other reactions (e.g., reductive dehaloge-
121 nation and anaerobic transformation of HCH with the cleavage
122 of two C−Cl bonds). Furthermore, in the reactions which
123 involved two different bond cleavages, for example, C−Cl and

124C−H, ΛC−H or ΛC−Cl alone may not be enough for
125characterization of the reactions.
126Therefore, in order to fill the knowledge gaps, the typical
127dehydrochlorinases, LinA1 and LinA2 enzymes, were used for
128α- and γ-HCH biotransformations. The objectives of this study
129were (i) to explore the transformation kinetics of the HCH
130isomers by different enzymes, (ii) to determine the isotope
131enrichment factors εC, εCl as well as εH for the HCH isomers,
132and (iii) to obtain the ΛC−Cl, ΛC−H as well as the characteristic
133vectors of 3D isotope fractionation during the HCH
134biotransformation by dehydrochlorinases. In addition, the
135isotopic fractionation patterns obtained in this study were
136compared and discussed with the values reported previously
137for characterizing different reactions.

138■ EXPERIMENTS AND METHODS
139Experiments. Enzymatic assays were conducted using
140LinA1 and LinA2 for the transformation of α- and γ- HCH,
141respectively. The chemicals used in this study are all of
142analytical purity grade which are listed in the section of
143Chemicals in Supporting Information. The Escherichia coli cells
144coded with LinA1 and LinA2 genes were cultivated for
145expression of the LinA enzymes. More details of the cultivation
146and purification processes can be found in the Supporting
147Information. The enzyme concentrations used in this study
148were 75 μg mL−1 for LinA1 and 264 μg mL−1 for LinA2,
149respectively. In contrast to our previous study,16 both enzymes
150were used for the transformation of α- and γ- HCH. All batch
151experiments for HCH transformation were conducted with
152Tris buffer (100 mL in 240 mL serum bottle) with an initial
153concentration of 5.5 μM of the respective HCH. Reactions
154were stopped by adding 0.3% (v/v) formic acid (final
155concentration) at different time points resulting in different
156extents of HCH transformation. Samples were stored at 4 °C
157in the fridge before extraction. The extraction methods are
158described in detail in our previous study.16 More details can be
159found in the Supporting Information.
160Concentration Analysis. Concentrations of HCH were
161analyzed by GC-FID (Agilent Technologies) and protein
162concentrations were analyzed using a NanoDrop ND-1000
163spectrophotometer (Thermo Fisher Scientific) as described
164previously16 and summarized in the Supporting Information.
165Stable Isotope Analysis. The carbon isotopic composi-
166tions (δ13C) were analyzed by gas chromatography-combus-
167tion-isotope ratio mass spectrometry. Analytical details are
168described elsewhere for α-HCH enantiomers33 and γ-HCH.10
169Hydrogen isotopic compositions (δ2H) of both HCH
170isomers were analyzed by gas chromatography-chromium-
171based high-temperature conversion-isotope ratio mass spec-
172trometry using the same methods as described by Wu and
173colleagues.34

174Chlorine isotopic compositions (δ37Cl) were determined by
175gas chromatography-multiple collector-inductively coupled
176plasma mass spectrometry, as described elsewhere.35,36 The
177temperature programs and inductively coupled plasma mass
178spectrometry parameters were the same as reported in a
179previous study.10

180Because the α-HCH enantiomers could not be measured
181separately for δ37Cl, the respective δ37Cl values were calculated
182using eq 1

= × + × ++EF( ) EF ( )t t t t t
bulk ( ) HCH ( ) HCH

183(1)
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184 where EF is the enantiomer fraction, EFt(−) = Ct(−)/Ctbulk,
185 and EFt(+) = Ct(+)/Ctbulk.
186 For LinA1 experiments, only (+)α-HCH transformation was
187 observed and thus δt(−)α‑HCH = δ0bulk, δt(+)α‑HCH = (δtbulk − EFt(−)
188 × δ0bulk)/EFt(+). Similarly for LinA2 experiments, no trans-
189 formation of (+)α-HCH was observed and thus δt(+)α‑HCH =
190 δ0bulk, δt(−)α‑HCH = (δtbulk − EFt(+) × δ0bulk)/EFt(−).
191 Evaluation of Isotope Data. The isotopic enrichment
192 factor of an element E (εE) was derived using eq 2

+
+

= ×
i
k
jjjjj

y
{
zzzzz

i
k
jjjjj

y
{
zzzzz

E
E

C
C

ln
1

1
lnt t

h

h
0

E
0193 (2)

194 where δhE0 is the initial isotopic signature of the substrate, δhEt
195 is the isotopic composition of the substrate at time t, and C/C0
196 is the fraction of the remaining substrate.
197 For the determination of lambda values (Λ), hydrogen
198 versus carbon isotope discrimination (ΛH−C = Δδ2H/Δδ13C)
199 and carbon versus chlorine isotope discrimination (ΛC−Cl =
200 Δδ13C/Δδ37Cl) were plotted and the respective Λ was derived
201 from the slope of the linear regression. The uncertainty of Λ,
202 given as the 95% confidence interval (CI), was derived from
203 regression analysis using Origin 9.0.
204 The triple-element isotope plotting was also done using
205 Origin 9.0 and the characteristic unit vectors were determined
206 following the approach of Palau et al.31 To further assess the
207 similarities and differences between the unit vectors, the angle
208 θ between the two vectors were calculated following the
209 method described by Palau et al.31

210■ RESULTS AND DISCUSSION
211Transformation of α- and γ-HCH Catalyzed by LinA
212Enzymes. α-HCH. In the LinA1 experiment (reaction time, 2
213h), only (+)α-HCH transformation was observed with a
214reaction rate of 0.2 ± 0.01 h−1 (Supporting Information, Figure
2151) and pentachlorocyclohexane (PCCH) was the major
216product. Similarly, only (−)α-HCH transformation was
217observed in the LinA2 experiment (reaction time, 1.5 h)
218with a reaction rate of 0.4 ± 0.03 h−1 (Supporting Information,
219Figure 1) and PCCH was the main product. The trans-
220formation products indicated that a dehydrochlorination
221reaction similar to chemical hydrolysis took place. LinA1 and
222LinA2 showed a selective transformation of (+) and (−)α-
223HCH, respectively, which was the same as we observed
224before.16 In contrast, a previous study reported that both
225enantiomers could be degraded by LinA1 or LinA2 if the
226reaction lasted for 24 h.15 However, the transformation rate for
227(+)α-HCH (0.43 ± 0.03 h−1) was much higher than that for
228(−)α-HCH (0.060 ± 0.010 h−1) when LinA1 was used for the
229catalysis. Similarly, when LinA2 was used, a higher trans-
230formation rate for (−)α-HCH (0.47 ± 0.06 h−1) than that for
231(+)α-HCH (0.04 ± 0.006 h−1) was observed. The difference
232in the selectivity is probably due to the smaller amounts of
233enzymes which we have applied in our study. Similar results
234have been reported for experiments with relatively low
235concentrations of LinA2 (0.01 μg mL−1), where only (−)α-
236HCH transformation was observed.17 Yet, when the
237concentration of LinA2 was increased (0.7 μg mL−1), both
238(+) and (−)α-HCH were degraded.17 Accordingly, the

Table 1. Summary of Isotopic Fractionation of Different Multi-element Stable Isotope Fractionation Studies Concerning HCH
Transformationa

α-HCH γ-HCH

reactions systems/catalyst
εC(‰) ±
95% CI

εCl(‰)
± 95%
CI

εH(‰)
± 95%
CI ΛC−Cl ΛH−C

εC(‰)
± 95%
CI

εCl(‰)
± 95%
CI

εH(‰) ±
95% CI ΛC−Cl ΛH−C

dehydrochlorination LinA1 −10.8 ±
1.0(+)

−4.2 ±
0.5(+)

−154 ±
16(+)

2.4 ±
0.4(+)

12.9 ±
2.4(+)

−7.8 ±
1.0

−2.7 ±
0.3

−170 ± 25 2.7 ±
0.2

20.1 ±
2.0

this study

LinA2 −4.1 ±
0.7(−)

−1.6 ±
0.2(−)

−68 ±
10(−)

2.5 ±
0.2(−)

14.9 ±
1.1(−)

−7.5 ±
0.8

−2.5 ±
0.4

−150 ± 13 2.9 ±
0.2

18.4 ±
1.9

dehydrochlorination LinA1 −3.8 ± 0.2(+) Liu et al.16

−8.1 ±
0.3

−122 ± 6 11.5 ±
0.8

Schilling et
al.26

LinA2 −8.3 ±
0.2

−160 ± 6 16.4 ±
0.9

−9.6 ±
0.1(+)/−
11.7 ±
1.5(−)

−208 ±
19(+)

22.0 ±
3.3(+)

Schilling et
al.17

−11.1 ±
0.3(−)

Liu et al.16

LinA variants −5.3 ±
0.8

−1.8 ±
0.4

−119 ± 18 2.9 ±
1.1*

22.5 ±
6.8*

Kannath et
al.27

hydrolysis −7.0 ±
0.5

−2.0 ±
0.2

−162 ± 26 3.5 ±
0.6*

23.1 ±
5.4*

modeling −2.8 to
−7.5

−0.7 to
−1.5

−463 to
−756

3.5 to
7.1*

64.1 to
263.6*

reductive
dehalogenation

Dehalococcoides
mccartyi 195

−3.0 ± 0.3 −1.8 ±
0.2

1.7 ±
0.2

−4.4 ±
0.6

−3.3 ±
0.4

1.2 ±
0.1

Liu et al.10

Dehalococcoides
mccartyi BTF08

−2.4 ± 0.2 −1.4 ±
0.3

1.8 ±
0.3

−4.0 ±
0.5

−3.3 ±
0.3

1.1 ±
0.3

enrichment
culture 1

−3.0 ± 0.4 −1.4 ±
0.3

2.0 ±
0.3

−4.0 ±
0.5

−2.9 ±
0.4

1.1 ±
0.2

enrichment
culture 2

−4.2 ± 0.4 −2.0 ±
0.3

1.9 ±
0.1

−3.6 ±
0.4

−3.2 ±
0.6

1.1 ±
0.1

Liu et al.32

a(+)�values for (+)α-HCH transformation; (−)�values for (−)α-HCH transformation;*�ΛC−Cl values calculated by ΛC−Cl = εC/εCl.
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239 enzyme amount may affect the transformation of the different
240 enantiomers. The enantiomer fractionation, which is a result of
241 different transformation rates of the enantiomers, could be
242 variable as binding to the enzyme could take place even when
243 it is stereochemically unfavorable. Thus, the variability of
244 enantiomer fractionation will limit its application for evaluating
245 biotic transformation processes as the relatively high enzyme-
246 to-substrate ratio may decrease specific binding to the
247 enzymes.
248 γ-HCH. Both LinA1 and LinA2 showed comparable
249 transformation rates of 0.3 ± 0.01 h−1 (LinA1) and 0.3 ±
250 0.02 h−1 (LinA2) for γ-HCH (Supporting Information, Figure
251 1), and the major product identified was also PCCH. This is in
252 agreement with a previous study which demonstrated that γ-
253 HCH could be degraded by both LinA1 and LinA2 enzymes.26

254 In our study, both enzymes showed relatively fast trans-
255 formation rates for γ-HCH compared to that for bulk α-HCH
256 (0.063 ± 0.016 and 0.19 ± 0.059 h−1 in the experiments with
257 LinA1 and Lin A2, respectively), which supports the
258 speculation of a previous study that γ-HCH transformation is
259 easier in comparison to α-HCH transformation, as γ-HCH
260 possesses one more C−Cl bond in the axial position (as shown
261 in Figure SI3, Supporting Information), which is most likely
262 the preferred position for bond cleavages.37

263 Isotopic Fractionation of α- and γ-HCH Catalyzed by
264 LinA Enzymes. α-HCH. Significant normal carbon, chlorine,
265 and hydrogen isotopic fractionation were observed during the
266 transformation of α-HCH enantiomers by LinA1 and LinA2 as
267 shown in Supporting Information, Figure 2. In the case of
268 (+)α-HCH transformation (catalyzed by LinA1), the isotopic
269 fractionation of carbon (εC‑(+)α‑HCH), chlorine (εCl‑(+)α‑HCH),
270 and hydrogen (εH‑(+)α‑HCH) were −10.8 ± 1.0, −4.2 ± 0.5, and

t1f1 271 −154 ± 16‰, respectively (Table 1, Figure 1). In contrast, the
272 isotopic fractionation of (−)α-HCH (catalyzed by LinA2) was

273comparatively low (εC‑(−)α‑HCH = −4.1 ± 0.7‰, εCl‑(−)α‑HCH =
274−1.6 ± 0.2‰, εH‑(−)α‑HCH = −68 ± 10‰, Table 1, Figure 1).
275The obtained εC‑(+)α‑HCH (−10.8 ± 1.0‰) catalyzed by
276LinA1 was similar to the value previously reported (−9.6 ±
2770.1‰) for the transformation of (+)α-HCH by LinA217 and
278to the values (average = −11.1 ± 0.3‰) reported for the
279transformation of (+)α-HCH by LinA1.16 In contrast, the
280εH‑(+)α‑HCH determined in the present study (−154 ± 16‰)
281was lower than the value (−208 ± 19‰) reported for the
282transformation of (+)α-HCH by LinA2.17 The εC‑(−)α‑HCH
283value (−4.1 ± 0.7‰) catalyzed by LinA2 was almost identical
284to the values (average = −3.8 ± 0.2‰) reported previously.16

285The observed differences in the ε values for the transformation
286of α-HCH by LinA1 and LinA2 enzymes could result from the
287different kinetic isotope effects. However, it is more likely that
288those differences were the result of masking effects of the
289isotope fractionation caused by steps prior to the bond
290cleavage reaction (e.g., commitment to catalysis) which is
291further supported by the findings of a study reporting a higher
292εC‑(−)α‑HCH value (−11.7 ± 1.5‰) for the transformation of
293(−)α-HCH by LinA2.17 Accordingly, the occurrence of
294masking effects may also explain that when the concentration
295of LinA2 was much higher (which resulted in a too fast
296reaction), no isotope fractionation of (−)α-HCH can be
297detected as described previously.17 However, it should be
298noted that the higher εC‑(−)α‑HCH value of −11.7 ± 1.5‰ was
299only approximated from the isotope signatures of the substrate
300and the dechlorinated product, whereas hydrogen isotope
301fractionation was not determined.17 It is plausible that the
302variability of hydrogen isotope fractionation is much higher.
303Furthermore, previous studies reported carbon and chlorine
304isotopic fractionation of bulk α-HCH during anaerobic
305transformation ranging from −2.4 ± 0.2 to −4.2 ± 0.4‰ for
306εC‑α‑HCH and from −1.4 ± 0.3 to −2.0 ± 0.3‰ for εCl‑α‑HCH,
307respectively.10,32 As no enantiomer fractionation during

Figure 1. Rayleigh plots for carbon, chlorine, and hydrogen isotopic fractionation during the transformation of α-HCH (a−c) and γ-HCH (d−f) by
LinA1 (black symbols) and LinA2 (red symbols). Note, graphs for transformation experiments with LinA1 include only data of (+)α-HCH,
whereas LinA2 experiments include only data of (−)α-HCH because in those experiments only one of the two enantiomers was transformed by the
respective enzyme.
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308 anaerobic α-HCH transformation was observed and the
309 detected εC of (+)- and (−)α-HCH were identical, it indicates
310 that the values of εCl for both enantiomers were also the
311 same.10 As mentioned above, anaerobic α-HCH trans-
312 formation is a reductive dehalogenation process,10 whereas
313 LinA enzymes catalyze a dehydrochlorination reaction.26

314 Therefore, the general expectation is that both processes
315 would result in different isotope fractionation patterns.38 The
316 aerobic (dehydrochlorination) and the anaerobic (−)α-HCH
317 transformation (reductive dehalogenation) resulted in a
318 comparable carbon and chlorine isotopic fractionation, which
319 was not the case for (+)α-HCH. Further studies on hydrogen
320 isotope fractionation may give a better characterization of the
321 different reactions.
322 γ-HCH. The transformation of γ-HCH by LinA1 and LinA2
323 resulted in a comparable isotopic fractionation for carbon
324 (εC‑γ‑HCH = −7.8 ± 1.0 and −7.5 ± 0.8‰), chlorine (εCl‑γ‑HCH
325 = −2.7 ± 0.3 and −2.5 ± 0.4‰), and hydrogen (εH‑γ‑HCH =
326 −170 ± 25 and −150 ± 13‰). These isotopic fractionations
327 were consistent with the values reported for the hydrolysis of γ-
328 HCH (εC‑γ‑HCH = −7.0 ± 0.5‰, εCl‑γ‑HCH = −2.0 ± 0.2‰, and
329 εH‑γ‑HCH = −162 ± 26‰).27 Moreover, the isotopic
330 fractionations determined in the present study were also in
331 agreement with εC‑γ‑HCH and εH‑γ‑HCH (−8.3 ± 0.2 and 160 ±
332 6‰) reported for γ-HCH transformation by LinA2.26 In
333 addition, γ-HCH transformation by LinA1 resulted in an
334 increased εH‑γ‑HCH in comparison to the previously reported
335 value (εH‑γ‑HCH = −122 ± 6‰), whereas εC‑γ‑HCH was almost
336 identical (εC‑γ‑HCH = −8.1 ± 0.3‰; Table 1). The relatively
337 high variability of the hydrogen isotopic fractionation observed
338 for γ-HCH transformation agrees with the results obtained for
339 α-HCH transformation in the present study. However, in
340 comparison to the values of another LinA variant, which were

341−5.3 ± 0.8‰ for εC‑γ‑HCH, −1.8 ± 0.4‰ for εCl‑γ‑HCH, and
342−119 ± 18‰ for εH‑γ‑HCH,

27 the values determined in the
343present study were higher. This difference could be a result of
344masking effects or it could be caused by slightly different
345reaction mechanisms of the LinA variants leading to different
346isotope fractionation patterns. Compared with the reductive
347dehalogenation of γ-HCH (Table 1), εC‑γ‑HCH and εCl‑γ‑HCH
348obtained were higher in the present study. In addition, the ε
349values obtained from modeling studies showed much lower
350values compared with the experiment data, except εH.
351ME-Isotopic Analysis of α- and γ-HCH Dehydrochlori-
352nation Catalyzed by LinA Enzymes. α-HCH. The isotopic
353fractionation of α-HCH enantiomer dehydrochlorination were
354correlated by dual-element isotope analyses and the corre-
355sponding ΛC−Cl and ΛH−C values, expressing the mode of the
356C−Cl and C−H bond cleavage mechanisms, were calculated
357 f2(Table 1, Figure 2a,b). The almost identical Λ values for both
358enantiomers indicate that the reaction mechanism of LinA1
359transforming (+)α-HCH and LinA2 converting (−)α-HCH is
360quite similar. So far, there is only one ΛH−C value available in
361the literature which is based on the transformation of (+)α-
362HCH by LinA2.17 In comparison to this ΛH−C value (22.0 ±
3633.3), the ΛH−C value of (+)α-HCH transformation by LinA1
364(12.9 ± 2.4) determined in the present study is significantly
365lower. As dual-element isotope analysis can theoretically omit
366masking of isotope effects, this difference indicates different
367commitments to catalysis, for example, the specific mode of
368binding in the enzyme pocket prior to catalysis. This could be a
369result of the three amino acid changes in LinA1, that is, K20Q,
370L96C, and A131G,19,20 which caused a reversal in its
371preference from the conversion of (−) to (+)α-HCH.
372Furthermore, as the amino acid change T133M enhanced
373the enantiomer preference,19,20 this could be also the

Figure 2. ME-isotopic fractionation plots for the determination of ΛC−Cl and ΛH−C and 3D plotting during the transformation of α-HCH (a−c)
and γ-HCH (d−f) by LinA1 (black) and LinA2 (red). Note, graphs for transformation experiments with LinA1 include only data of (+)α-HCH,
whereas LinA2 experiments include only data of (−)α-HCH because in those experiments only one of the two enantiomers was transformed by the
respective enzyme.
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374 additional reasons for the different isotope fractionation
375 patterns. In addition, previous studies reported that LinA1
376 and LinA2 differ in the rate of (+)α-HCH transformation,15,17

377 which could be an indicator for different commitments to
378 catalysis as well. Furthermore, compared to the ΛC−Cl values
379 obtained from the α-HCH anaerobic transformation (ranging
380 from 1.7 ± 0.2 to 2.0 ± 0.3),10 the ΛC−Cl values of the aerobic
381 transformation (2.4 ± 0.4 for (+)α-HCH transformation by
382 LinA1 and 2.5 ± 0.2 for (−)α-HCH transformation by LinA2)
383 show a trend to larger but still overlapping values and thus do
384 not allow distinguishing between aerobic and anaerobic α-
385 HCH transformation at field sites.
386 The C, H, and Cl isotope data for the dehydrochlorination
387 of α-HCH enantiomers were also combined in a 3D isotope
388 plot. Characteristic unit vectors were determined as (0.070,
389 0.027, 0.997) and (0.060, 0.023, 0.998) for (−) and (+)α-
390 HCH (Figure 2c), respectively. The calculated angle θ
391 between the two vectors is less than 1°. The vectors as well
392 as the plots show clearly same trends for the transformation of
393 (−) and (+)α-HCH by LinA1 and LinA2, respectively. This
394 result indicates that the dehydrochlorination can be well
395 characterized by triple-element isotope analysis. Furthermore,
396 this triple-element isotope analysis would give a chance to
397 distinguish different HCH transformation pathways, for
398 example, dehydrochlorination and reductive dehalogenation.
399 As dehydrochlorination involves both C−Cl and C−H bond
400 cleavage whereas reductive dehalogenation only involves C−Cl
401 bond cleavage and no significant hydrogen isotope fractiona-
402 tion is expected, secondary hydrogen isotope fractionation may
403 occur. In the future, hydrogen isotope fractionation may add as
404 a further criterion to identify processes, but hydrogen isotopic
405 fractionation values for HCH reductive dehalogenation are not
406 yet available to our best knowledge.
407 γ-HCH. The ΛC−Cl and ΛH−C values for the aerobic
408 transformation of γ-HCH catalyzed by LinA1 and LinA2
409 were almost identical (Table 1, Figure 2d,e), which indicates
410 that the dehydrochlorination mechanisms catalyzed by LinA1
411 and LinA2 lead to the same isotope effects. It is plausible that
412 the different amino acids in LinA1 and LinA2 enzymes did not
413 cause any different commitments to catalysis and led to the
414 same isotope fractionation patterns. This is also in agreement
415 with previous studies that 4 out of the 10 amino acids vicinal to
416 the active site of LinA might govern the enantioselectivity
417 toward α-HCH enantiomers, but do not necessarily play a
418 similar role in the transformation of γ-HCH.19,20 Based on the
419 reported εC and εCl,27 the ΛC−Cl values of γ-HCH for the
420 chemical hydrolysis and the enzymatic catalysis by LinA
421 variants were calculated to be 3.5 ± 0.6 and 2.9 ± 1.1,
422 respectively (Table 1). The ΛC−Cl values for γ-HCH
423 transformation by LinA variants based on Kannath’s study
424 (2.9 ± 1.1) and the respective ΛC−Cl values determined in the
425 present study (2.7 ± 0.2 by LinA1 and 2.9 ± 0.2 by LinA2) are
426 not distinguishable, indicating similar reaction mechanisms.
427 The ΛC−Cl value (3.5 ± 0.6) of γ-HCH during chemical
428 hydrolysis showed some differences to the values obtained
429 during dehydrochlorination but still overlapping, which
430 indicates the uncertainty for charactering the bond cleavage
431 (C−Cl and C−H) by dual-isotope analysis.
432 Furthermore, the ΛC−Cl values for γ-HCH dehydrochlori-
433 nation (>2.7 ± 0.2) can be distinguished from the ΛC−Cl values
434 that have been reported for γ-HCH reductive dehalogenation
435 (<1.2 ± 0.1),10 thus enabling the differentiation of
436 dehydrochlorination from reductive dehalogenation by dual-

437element isotope analysis. It should be noted that the ΛH−C
438values reported in Schilling et al. (2019b) for γ-HCH
439transformation by LinA1 and LinA2 were lower than those
440determined in the present study (Table 1), which is most likely
441caused by the higher variability of hydrogen isotope
442fractionation. Furthermore, the ΛC−Cl and ΛH−C values from
443modeling (Table 1) also show significant differences compared
444with the experimental data, which indicates that the actual
445reactions are much more complex than the simulated models.
446Furthermore, it is plausible that ΛH−C values possess a
447relatively high variability compared to the ΛC−Cl values,
448which is in comparison to other elements (e.g., C and Cl)
449most likely due to the more pronounced sensitivity of the
450hydrogen isotope fractionation and due to the existence of
451relatively strong secondary isotope effects.
452Similar as α-HCH, the triple-element isotope fractionation
453of γ-HCH transformed by LinA1 and LinA2 were plotted as
454shown in Figure 2f. The characteristic unit vectors were (0.050,
4550.017, 0.999) and (0.046, 0.016, 0.999) for the transformation
456by LinA1 and LinA2, respectively. The characteristic unit
457vectors of γ-HCH transformation by LinA variants and
458chemical hydrolysis in a previous study27 were calculated as
459(0.044, 0.015, 0.999) and (0.043, 0.012, 0.999), which were
460almost identical to our results. Also, the angle θ between these
461four vectors are all less than 1°. Compared to the character-
462ization of bond cleavages (C−Cl and C−H) by ΛC−Cl value
463which showed difference to some extent as we discussed, the
464triple-element isotope analysis will give a more precise
465evaluation. As already discussed for α-HCH transformation,
466the triple-element isotopic fractionation analysis will give a
467great chance for distinguishing different transformation
468pathways of HCHs, for example, dehydrochlorination and
469reductive dehalogenation, at field sites.
470Environmental Significance. Enantiomer fractionation
471was applied in many studies for quantification of biotransfor-
472mation of organic compounds in the environment. Together
473with previous studies, we confirmed that the selectivity of α-
474HCH enantiomers by LinA enzymes can be lowered when the
475enzyme concentration was relatively high, which indicates that
476the application of enantiomer fractionation for quantification
477of biotic transformation may lead to bias to some extent.
478In our study, the extent of isotope fractionation indicates
479primary 2H, 13C, and 37Cl isotope effects in the rate-limiting
480bond cleavage steps, the dual- as well as triple-element isotope
481analyses show similar isotope fractionation trends for both α-
482and γ-HCH during the transformation by LinA1 and LinA2.
483The experimental data from biotransformation of γ-HCH
484compared with molecular modeling in a previous report27

485show remarkable differences indicating that the application of
486molecular modeling for field site evaluation needs improve-
487ments.
488In addition to elucidating natural biodegradation processes
489for HCHs, ME-CSIA can also be useful for obtaining insights
490into degradation processes, for example, both aerobic and
491anaerobic transformations may happen with the changing of
492geochemistry. Furthermore, the new isotope fractionation
493values for α- and γ-HCH determined in this study, with both
494LinA1 and LinA2 enzymes, open opportunities for using triple-
495element CSIA to identify HCH transformation processes in
496different environmental compartments, such as soil, sediments
497trees, wheat, and even in mammals.
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670 Gehre, M. Recent advances in multi-element compound-specific
671 stable isotope analysis of organohalides: Achievements, challenges and
672 prospects for assessing environmental sources and transformation.
673 Trends Environ. Anal. Chem. 2016, 11, 1−8.

(29)674 Nijenhuis, I.; Richnow, H. H. Stable isotope fractionation
675 concepts for characterizing biotransformation of organohalides. Curr.
676 Opin. Biotechnol. 2016, 41, 108−113.

(30)677 Torrentó, C.; Ponsin, V.; Lihl, C.; Hofstetter, T. B.; Baran, N.;
678 Elsner, M.; Hunkeler, D. Triple-Element Compound-Specific Stable
679 Isotope Analysis (3D-CSIA): Added Value of Cl Isotope Ratios to
680 Assess Herbicide Degradation. Environ. Sci. Technol. 2021, 55,
681 13891−13901.

(31)682 Palau, J.; Shouakar-Stash, O.; Hatijah Mortan, S.; Yu, R.; Rosell,
683 M.; Marco-Urrea, E.; Freedman, D. L.; Aravena, R.; Soler, A.;
684 Hunkeler, D. Hydrogen Isotope Fractionation during the Biode-
685 gradation of 1,2-Dichloroethane: Potential for Pathway Identification
686 Using a Multi-element (C, Cl, and H) Isotope Approach. Environ. Sci.
687 Technol. 2017, 51, 10526−10535.
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