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S1 Chemicals

Chemicals, stock solutions, and isotopic standards are largely identical to the materials used

in our previous study by Schilling et al. 17 and this information is reproduced here with minor

modifications.

S1.1 Chemicals

1,2,3-Trichlorobenzene (1,2,3-TCB, purity of 99.9 %) and 1,2,4-TCB (99.4 %), sodium hydrox-

ide, hydrochloric acid, LB broth, L-(+)-arabinose, chloramphenicol, sodium chloride, Trizma®-

base, glycine, imidazole, ethanol, aluminum sulfate hexadecahydrate, coomassie brilliant blue

G250, ortho-phosphoric acid (85%) were purchased from Fluka/Sigma-Aldrich. Sodium dihy-

drogen phosphate monohydrate, acetone, acetonitrile, n-hexane, ethyl acetate, patinal chromium

powder from Merck. α-Hexachlorocyclohexane (α-HCH) (> 98%), β-HCH (> 98%), γ-HCH,

99 %), and δ-HCH (> 98%) were purchased from Maag. Ampicillin sodium salt was purchased

from AppliChem. Hexachlorobenzene was purchased from Santa Cruz Biotechnology.

S1.2 Stock solutions

All chemicals for buffers and microbiological work were used as received. Buffer solutions

for fast-protein liquid chromatography (FPLC) and experiments were prepared with nanopure

water (18.2 MΩ·cm, BarnstedTM NANOpureTM, Thermo Fisher Scientific) and the pH was

adjusted to 7.5 with 5 mM or 0.5 mM sodium hydroxide (Sigma-Aldrich) or 1 mM hydrochloric

acid (Fluka). Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was run

with Novex® tricine SDS sample buffer (2x), invitrogen NuPAGE® reducing agent (10x), and

Novex® tricine SDS running buffer (all Thermo Fisher Scientific). Staining and destaining

solutions were prepared according to Dyballa and Metzger5. We used precision plus proteinTM

Dual Color standard (Biorad) and peqGOLD protein marker IV (VWR) as a protein standard.

S1.3 Isotopic standards

Standard materials for C isotope analysis included γ-HCH (δ13C= −26.7±0.1h), hexachloroben-

zene standard 1 (δ13C= −25.4 ± 0.1h), and hexachlorobenzene standard 2 ((δ13C= −28.7 ±
0.1h). δ13C of γ-HCH and HCBs were determined with an elemental analyzer/IRMS. For H iso-

tope analysis, we used hexadecane (δ2H= −9.1±1.4h) and heptadecane (δ2H= −117.9±2.3h)

and both materials were purchased from Schimmelmann et al. 18 , Indiana University.

S2 Protein expression and purification

The protocols for expression and purification of LinA2 and LinB are reproduced here from a

similar description for preparation of LinA1 and LinA2 by Schilling et al. 17 . For the expression

of LinA2 and LinB from Sphingobium indicum B90A, E. coli BL21AI, an arabinose-inducible

strain, was transformed with the plasmid vector pDEST17 encoding codon-optimized, synthetic
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Figure S1 SDS Gels for LinA2 (left) and LinB (right) FPLC fraction purity analyses. The columns
are marked as follows: Lad. – ladder, protein standard (in kDa), F – FPLC fraction number, uP
– unbinding protein, Ly – lysate (1:100), Ex – extract (1:100). FPLC fractions of LinA2 and LinB
used for further purification are marked with a black box. For LinB purification, two FPLC runs
were performed per batch.

and 6x His-tagged linA2 or linB as well as ampicillin resistance.1 For enhanced folding of LinA2

the respective E. coli BL21AI was additionally transformed with pGro7 (Takara Bio Inc.), which

encodes the chaperone protein groES-groEL and chloramphenicol resistance.

Cells transformed with pDEST17 with either linA2 or linB were grown in LB at 37 ◦C with

an antibiotic pressure of 450µM ampicillin and, for cells expressing LinA2, 10.5µM chloram-

phenicol additionally. At an OD600 of 0.6, 2 g/L L-(+)-arabinose was added to induce the

expression of the target enzyme, and the temperature was reduced to 30 ◦C. When the induced

culture reached an OD600 of > 1.8, we harvested the cells by centrifugation (10’000 rpm for 20

min at 4 ◦C), collected the cell pellets, and stored them at −20 ◦C.

To purify LinA2 and LinB from pelleted cells, 1 g of pelleted cells was suspended in 3 to 5 mL

buffer (50 mM NaH2PO4 ·H2O, 300 mM NaCl, 10 mM imidazole) and exposed to ultrasonication

(Sonoplus HD 3200 with MS73 needle, Bandelin electronic) under constant cooling on ice. We

purified LinA2 and LinB by means of an ÄKTA FPLC system (GE Healthcare Life Science) on

two separate Ni-NTA Superflow cartridges (5 mL, Qiagen) to avoid cross-contamination of the

two enzymes. The proteins were eluted by applying an imidazole gradient (10 mM to 300 mM).

The concentration of proteins was quantified spectrophotometrically with a NanoDrop ND-1000

device (Thermo Scientific) at a wavelength of 280 nm. To determine the purity of each sample,

we performed an SDS-PAGE assay with Novex 10% Tricine gels (Invitrogen) and Coomassie

Brilliant Blue staining enhanced with aluminum sulfate5,8. The purities of final LinA2 and

LinB solutions were > 95 % as determined by visual analysis (Figure S1). Activity assays were

performed for each purification of LinA2 and LinB.

We prepared the staining solutions for SDS-Page gels according to Dyballa and Metzger5

but changed the staining protocol. The SDS-Page gels were shaken on a horizontal shaker in

nanopure water for 10 minutes. After disposing of the water, we put the gel in the staining

solution and let it shake overnight. After removing the staining solution, we washed the gel

in nanopure water and then soaked it in destaining solution on a shaker for 2 hours. Activity
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assays of the different purification steps of LinA2 and LinB were performed in tris-glycine buffer

at pH 7.5 (200 mM glycine, 25 mM Trizma® base, final concentration). 25 µM γ-HCH and

LinA2 or 1 µM β-HCH and LinB were incubated in a total reaction volume of 10 mL. For each

time-point (0, 1, 2 and 4 minutes for reactions catalyzed by LinA2 and 0, 4, 8, and 16 min or

0, 5, 15, and 30 min for reactions catalyzed by LinB) a reactor was sacrificed by the addition

of 4 mL ethyl acetate. All ethyl acetate extracts were analyzed with GC/MS. The purification

procedure results in total protein yields of 6.3 mg LinA2 (from 1.7 g of frozen E.coli pellet)

and 15.4 mg LinB (from 7.3 g of frozen E.coli pellet) with specific activities of 8.4 units/mg for

LinA2 and 0.027 units/mg for LinB.

S3 Experimental setup and chemical analyses

An overview of experimental conditions in batch experiments, as well as analyte extraction for

the kinetic and isotopic analyses of HCH transformation, and information for gas chromatogra-

phy is shown in Table S1.

Temperature program for ZB-5MS column started at 70℃, followed by an isothermal hold

of 2 min, then increased at 25℃/min to 120℃, at 5℃/min to 220℃ and at 25℃/min to 280℃,

finished by an isothermal hold of 2 min.6 The temperature programs for γ-DEXTM 120 and

Rtx-1301 columns was 2 min at 70℃, 15℃/min to 110℃, 5℃/min to 200℃, 5℃/min to 220℃,

and 25℃/min to 250℃ (held for 2 min).17. For separation of compounds with the MEGA-

DEX DAC-Beta column, the temperature program started with an isothermal hold at 70 ◦C for

2 min, followed by an increase of 5 ◦C/min to 180 ◦C, with an iosthermal hold for 5 min, and

finally an increase of 5 ◦C/min to 220 ◦C with an a isothermal hold for 3 min. The temperature

program for the Rxi 1 ms column began with an isothermal hold at 70 ◦C for 1 min, followed by

an increase of 25 ◦C/min to 120 ◦C, to 200 ◦C at 5 ◦C/min, to 250 ◦C at 25 ◦C/min, and a final

isothermal hold for 10 min.

S4 Data evaluation

S4.1 Conformational analysis

Data for calculating the predominant of two chair conformers of each HCH isomer is shown

in Table S2. The free energy difference at standard conditions between the “regular”, that is

thermodynamically more stable conformer and the flipped conformer (“flip”), ∆∆G◦, was cal-

culated with Marvin Beans (version 6.2, 2014, ChemAxon, http://chemaxon.com) The fraction

of the more stable conformer, P, was obtained with this data and eqs. S1 to S3.
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∆∆G◦ = ∆G◦flip −∆G◦regular = −RT lnK (S1)

K =
[regular]

[flip]
(S2)

P =
K · 100

K + 1
(S3)

where ∆∆G◦ is the difference between the standard free energies of the two conformers, ∆G◦flip

and ∆G◦regular, respectively, R is the gas constant, T is the absolute temperature, and K is the

equilibrium constant for the population of the two conformers.

To illustrate the time scales of changes of conformational mobility, we derived the frequency

of conformational change, fflip, and the corresponding lifetime of a conformer, τconf with eqs.

S4 and S5 and the results are shown in Table S2.

fflip =
kBT

h
e(−∆G‡/RT ) (S4)

τconf =
1

fflip
(S5)

S4.2 Apparent kinetic isotope effects

General procedures of isotope analysis are listed in Pati et al. 13 . Non-linear regression for C

and H isotope enrichment factors, εC and εH, and linear regression of δ2H vs δ13C for ΛH/C

were carried out in Igor Pro (WaveMetrics). Fits were weighted with the standard deviation

from triplicate isotope ratio measurements. All reported uncertainties represent 95% confidence

intervals.

Apparent 13C- and 2H-kinetic isotope effects, 13C- and 2H-AKIEs, were obtained through

two different procedures. First, all 13C-AKIEs for HCH dehydrochlorination and hydrolytic

dechlorination by LinA2 and LinB, respectively, were derived from εC with eq. S6 (eq. 5 of

the main manuscript). The same procedure was used for calculating 2H-AKIEs for hydrolytic

dechlorination reactions of HCH isomers with LinB.

hE-AKIE =
1

1 + n/x · z · εE
(S6)

where E stands for C and H isotopes respectively, n is the number of atoms of element E, x stands

for the number of such atoms at reactive positions, and z is the correction for intramolecular

isotopic competition, and εE denotes the isotope enrichment factors. Parameter values for n, x,

and z are given in Table S3. Second, 2H-AKIEs for HCH dehydrochlorination by LinA2 follow

from eq. S8 by evaluating eq. S7. This procedure is described in detail below in Section S4.2.3.

S7



T
a
b
le

S
2

∆
∆
G
◦

of
th

e
tw

o
m

os
t

st
ab

le
co

n
fo

rm
er

s
of
α

-,
β

-,
an

d
δ-

H
C

H
,

fr
ac

ti
on

al
ab

u
n

d
an

ce
of

pr
ed

om
in

an
t

co
n

fo
rm

er
(P

),
ac

ti
va

ti
on

en
er

gi
es

fo
r

th
e

re
sp

ec
ti

ve
co

n
fo

rm
at

io
n

al
ch

an
ge

,
∆
G
‡ ,

an
d

th
e

lif
et

im
e

of
a

co
n

fo
rm

er
,
τ c

o
n

f.
A

ll
pr

op
er

ti
es

w
er

e
ca

lc
u

la
te

d
in

M
ar

vi
n

B
ea

n
s

(v
er

si
on

6.
2.

0,
20

14
,

C
h

em
A

xo
n

,
h

tt
p

:/
/c

h
em

ax
on

.c
om

).
T

h
e

b
lu

e
b

on
d

s
in

d
ic

at
e

th
e

re
ac

ti
ve

H
−

C
−

C
−

C
l

m
oi

et
ie

s
fo

r
d

eh
yd

ro
ch

lo
ri

n
at

io
n

by
L

in
A

2
b

as
ed

on
ev

id
en

ce
fr

om
S

ch
ill

in
g

et
al

.1
7

an
d

T
ra

n
ti

re
k

et
al

.2
1

.

Is
om

er
∆

∆
G
◦

P
∆
G
‡

τ c
o
n

f
C

on
fo

rm
er

s
(k

J
/
m

ol
)

(%
)

(k
J
/m

ol
)

(s
)

(−
)-
α

-H
C

H
−

10
9
8.

2
44

5
·1

0−
6

(-
)-α

-H
C

H
 (C

f1
)

(-
)-α

-H
C

H
 (C

f2
)

C
3

H
9

C
4

C
5

C
1

C
2

H
11

H
12

C
l

C
l

C
l

H
8 H

7

C
l

C
6

C
l

C
4

C
l

C
3

C
2

C
6

C
5

H
8

H
7

C
l

C
l

H
8

H
10

H
11

H
12

C
l

C
1

C
l

C
l

H
10

C
l

(+
)-
α

-H
C

H
−

10
9
8.

2
44

5
·1

0−
6

(+
)-α

-H
C

H
 (C

f1
)

(+
)-α

-H
C

H
 (C

f2
)

C
2

C
l

C
3

C
4

C
6

C
1

H
10

H
11

C
l

C
l

H
9

H
7 H

12

C
l

C
5

C
l

C
3

H
9

C
2

C
1

C
5

C
4

H
7

H
12

C
l

C
l

C
l

C
l

H
10

H
11

C
l

C
6

C
l

H
8

C
l

H
8

β
-H

C
H

−
22

1
00

45
8
·1

0−
6

β-
H

C
H

 (C
f1

)
β-

H
C

H
 (C

f2
)

H
H

H

H

H

C
l

C
l C

l

C
l

C
l

C
l

C
l

C
l

C
l

C
l

H

H

H
H

H

H

C
l

H
C

l

δ-
H

C
H

−
15

99
.8

57
1
·1

0−
3

δ-
H

C
H

 (C
f1

)
δ-

H
C

H
 (C

f2
)

C
3

H
9

C
4

C
5

C
1

C
2

H
11

H
12

C
l

H
8

C
l

C
l H

7

C
l

C
6

C
l

C
4

C
l

C
3

C
2

C
6

C
5

C
l

H
7

C
l

C
l

H
9

H
10

H
11

H
12

C
l

C
1

H
8

C
l

H
10

C
l

S8



Table S3 Parameter values n, x and z for calculation of apparent 13C- and 2H kinetic isotope
effects associated with the dehydrochlorination and hydrolytic dechlorination of HCH isomers
with eq. S6 (eq. 5 of the main manuscript).

Enzyme-substrate combination 13C-AKIE 2H-AKIE
n x z n x z

LinA2
(−)-α-HCH 6 4 2 n.a.a

(+)-α-HCH 6 4 2 n.a.a

β-HCH n.a.b n.a.b

γ-HCH 6 2 1 n.a.a

δ-HCH 6 2 1 n.a.a

LinB
(−)-α-HCH 6 2 2 6 2 2
(+)-α-HCH 6 2 2 6 2 2
β-HCH 6 6 6 6 6 6
γ-HCH n.a.c n.a.c

δ-HCH 6 1 1 6 1 1

a AKIE approximiton not applicable due to large H isotope fractionation;
b n.a. = not applicable due to the lack of reactivity with LinA2; c n.a. = not applicable
due to the lack of reactivity with LinB.

S4.2.1 Dehydrochlorination by LinA2

(−)-α-HCH: The thermodynamically more stable conformer Cf2 of (−)-α-HCH (Table S2)

exhibits two trans-diaxial H−C−C−Cl moieties that are susceptible for dehydrochlorination by

LinA2. Those moieties, H12−C6−C1−Cl and H9−C2−C3−Cl, are highlighted in blue in the

molecular structures of the conformer in Table S2. Conformer Cf1 does not contain any reactive

sites.17,21 For data evaluation with eqs. S6 and S7, we assumed that (−)-α-HCH contains four

reactive C atoms, namely C1, C6, C2, and C3 (x = 4), from which two are in intramolecular

competition (C6−C1 and C2−C3, z = 2) because the dehydrochlorination is a concerted reaction

(Table S3).

(+)-α-HCH: The thermodynamically less stable conformer Cf2 of (+)-α-HCH conformers

exhibits two trans-diaxial H−C−C−Cl moieties that are susceptible for dehydrochlorination

by LinA2. Those moieties, H12−C5−C6−Cl and H10−C4−C3−Cl, are highlighted in blue the

molecular structures of the conformer in Table S2. Conformer Cf1 does not contain any reactive

sites.17,21 n, x, z-values for (+)-α-HCH are identical to those of (−)-α-HCH.

β-HCH: β-HCH does not contain any reactive H−C−C−Cl moieties for dehydrochlorination

by LinA2.
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γ-HCH: The reactive moieties of γ-HCH for dehydrochlorination by LinA2 have been dis-

cussed in detail in Schilling et al. 17 and the results are shown in Table S3.

δ-HCH: The two most stable δ-HCH conformers (Table S2) both exhibit one trans-diaxial

H−C−C−Cl moiety that is susceptible for dehydrochlorination by LinA2. Those moieties,

H12−C6−C1−Cl in the more stable conformer Cf2 and H7−C1−C2−Cl in Cf1, are highlighted

in blue in the molecular structures of the conformers in Table S2. For data evaluation with

eqs. S6 and S7, we assumed that each δ-HCH conformer contains two reactive C atoms (x =

2) which are not in intramolecular competition (z = 1) (table S2: x=4, z=2) because the

dehydrochlorination is a concerted reaction.

S4.2.2 Hydrolytic dechlorination by LinB

(−)-α-HCH and (+)-α-HCH: Even though a preference for hydrolytic dechlorination for

equatorial chlorine atoms has been postulated,9 assigning reactive positions from molecular

structure is less straightforward. Our assignment of reactive positions is based on the exclusive

observation of two pentachlorocyclohexanol isomers as hydrolysis products of (−)-α-HCH.15

The number of C and H atoms at reactive sites in intramolecular competition was thus set to

x = z = 2.

β-HCH: All C and H atoms of Cf2 of β-HCH are considered equally reactive.14 The number

of C and H atoms at reactive sites in intramolecular competition was thus set to x = z = 6.

γ-HCH: γ-HCH does not react with LinB.

δ-HCH: Hydrolysis of δ-HCH is highly regioselective14 and only the equatorial C–Cl opposite

the axial C–Cl is transformed. The number of C and H atoms at reactive sites in intramolecular

competition was thus set to x = z = 1.
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S4.2.3 Calculation of 2H-AKIE values associated with HCH dehydrochlorination

by LinA2

We derived the 2H-AKIEs for the dehydrochlorination of HCH isomers by LinA2 following

procedures described in Schilling et al. 17 for γ-HCH and are they summarized here for each

substrate-enzyme combination. We quantified the observable H isotope fractionation in an

isotopomer-specific kinetic model, eq.S7, by fitting the 2H-AKIEs with eq. S8 using Aquasim.16

dcE
i

dt
=
∑
j

νi · ωE
i · kE

j · cE
i (S7)

hE-AKIE =
kE
h

kE
l

(S8)

where j designates the reaction of light and heavy isotopologues, cE
i is the concentration of a

HCH isotopomer i of element E, νi is the stoichiometric coefficient indicating decay or formation

of an isotopomer, ωE
i is the probability of isotopomer i to have a heavy or light isotope at the

reactive position, and kE
j is the first order rate constant for reaction of an isotopomer according

to the presence of the light (l) or heavy (h) isotope at the reactive position (kE
l and kE

h ).

Note that the validity of this approach was tested by applying eq. S7 to data for C isotope

fractionation and comparing the calculated 13C-AKIE from eq. S8 with that of obtained with

eq. S6. As shown previously,17 both procedures resulted in identical 13C-AKIEs.

Table S4 lists the isotopomers, i, considered in the modeling exercise for δ-HCH, (+)-α-HCH,

and (−)-α-HCH, and designates the position of heavy C and H substitution. The parameter

quantifying the probability of isotopomer i to exhibit a heavy or light C or H isotope at the

reactive position, ωE takes the conformational mobility and the ensuing change in reactive

position into account.
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S4.3 Interpretation of H isotope fractionation associated with α-HCH trans-

formation by LinA2 and LinB

The chromatographic separation of α-HCH enantiomers peaks for 2H/1H measurements was in-

sufficient due to peak broadening in the high temperature conversion Cr reactor of the GC/IRMS

conversion interface. In the absence of enantiomer-specific δ2H data, the interpretation of H iso-

tope fractionation of (−)-α- and (+)-α-HCH during dehydrochlorination as well as (−)-α-HCH

during hydrolytic dechlorination by LinB was made based on assumptions derived from model

calculations illustrated in the following. All model calculations were carried out in Matlab based

on a simple mathematical model for first order disappearance of 2H and 1H isotopologues of

(−)-α- and (+)-α-HCH. The model code is shown below in Section S4.3.3.

S4.3.1 α-HCH dehydrochlorination by LinA2

Low enzyme concentration. Experiments with a racemic α-HCH at low LinA2 concentra-

tions (0.01 µg/mL) revealed H isotope fractionation as shown in Figure 1F. We hypothesize

that this H isotope fractionation originates from (+)-α-HCH because of (a) the small extent

of transformation of (+)-α-HCH is associated with a large 2H-AKIE (2H-AKIE(+)α−HCH =

6.7). Note that a C isotope fractionation of (+)-α-HCH would be too small to be detected at

such small turnover. (b) The lack of observed C isotope fractionation for (−)-α-HCH (Figure

1E) implying that H isotope fractionation should also be absent for this α-HCH enantiomer

(2H-AKIE(−)-α-HCH = 1).

Figure S2A shows the calculated changes of (−)-α- and (+)-α-HCH concentrations based on

the observation that the (−)-α-enantiomer reacts approximately 20 times faster than the (+)-α-

enantiomer over the reactive period of 10 min (Table S6, Figures 1d and S2A). Panels S2B and

C illustrate the observable H isotope fractionation for the (−)-α- and (+)-α-enantiomers as well

as for the combined, bulk α-HCH. All calculations assumed identical initial δ2H-values of (−)-

α- and (+)-α-HCH of δ2H0 = −100h. Panel S2C reveals that H isotope fractionation of bulk

α-HCH can be observed from the combination of large H isotope fractionation for (+)-α-HCH

while no H isotope fractionation occurs in (−)-α-HCH. Panels S2D to F illustrate that identical

H isotope fractionation behavior can be observed if (−)-α- and (+)-α-HCH exhibit different

initial δ2H-values. For this illustration, they were arbitrarily set to δ2H(−)α0 = −130h and

δ2H(+)α0 = −70h.

High enzyme concentration. In experiments at higher LinA2 concentration (0.7 µg/mL),

we assigned the observable H isotope fractionation to (+)-α-HCH given that (a) (−)-α-HCH

was quickly transformed to a residual concentration of approximately 3 µM (Figure 1G) and

(b) the dehydrochlorination of (−)-α-enantiomer did not reveal any C isotope fractionation (see

above). To that end, we derived δ2H values for (+)-α-HCH from an isotopic mass balance

approach in eqs.S9 and S10 assuming identical initial δ2H-values of (−)-α- and (+)-α-HCH

of δ2H0 = −100h. Note that this procedure was validated by applying it to data for C iso-

tope fractionation where the two α-HCH were baseline-separated during analysis by GC/IRMS.
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Figure S2 Simulation of H isotope fractionation mimicking experiments with α-HCH and small
concentrations of LinA2 (0.01 µg/mL). Panels A and D show the concentration changes of the two
α-HCH enantiomers. Panels B and E illustrate changes of δ2H of (−)-α-HCH, (+)-α-HCH, and
bulk-α-HCH vs. time. Panels C and F display the same data vs. fraction, f , of remaining reactant.
Calculations shown in panels A-C are for identical initial δ2H values of −100h. Calculations shown
in panels D-F were made with δ2H0 of −130h and −70h for (−)-α- and (+)-α-HCH, respectively.
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Hydrogen isotope enrichment factors for (+)-α-HCH were then derived following standard pro-

cedures (i.e., eq. 3).

δ2H0
measured = δ2H0

(−)-α-HCH = δ2H0
(+)-α-HCH (S9)

δ2H(+)-α-HCH =

(
δ2Hmeasured − δ2H(−)-α-HCH ·

[(−)-α-HCH]

[α-HCH]

)
· [α-HCH]

[(+)-α-HCH]
(S10)

where δ2Hmeasured are H isotope signatures measured for bulk-α-HCH, that is both α-enantiomers,

[(+)-α-HCH] and [(−)-α-HCH] are the concentrations of (+)-α-HCH and (−)-α-HCH, respec-

tively, and [α-HCH] is the concentration of bulk-α-HCH.

S4.3.2 Hydrolytic dechlorination of α-HCH by LinB

The H isotope fractionation shown in Figure 2F of the main manuscript would correspond to

an εH of −43±9h if assigned to the transformation of (−)-α-HCH. Note that (+)-α-HCH does

not react over the time scale of our experiment. This εH-value is, however, too negative to be

consistent with the observed masking of C isotope fractionation (εC = −3.0 ± 1.4h) for the

hydrolytic dechlorination of (−)-α-HCH. In the absence of masking, the εC-value should be in

the range of −11h as observed for δ-HCH. We hypothesize that the H isotope fractionation

of (−)-α-HCH was also masked and that the H isotope fractionation of bulk α-HCH shown

in Figure 2F was at least in part, an artifact of different initial δ2H-values (δ2H0) of the two

α-HCH enantiomers in the racemic mixture

To confirm our hypothesis, we quantified the concentration changes and H isotope fraction-

ation of α-HCH enantiomers with a 10-fold difference in reaction rate constants observed at

initial stages of the reaction (500 min, Figures 2d and S3A, Table S6), a 2H-AKIE of unity (1),

as well as different initial δ2H-values (δ2H(−)α0 = −100h and δ2H(+)α0 = −40h, δ2H(bulk-

α)0 = −70h). Note that experiments with LinB were carried out with a different batch of

α-HCH than experiments with LinA2. Figure panels S3B and C show that during the trans-

formation of (−)-α-HCH, the measured δ2H of the bulk-α-HCH is increasingly determined by

the less reactive (+)-α enantiomer. Any H isotope fractionation could thus have been caused

by the preferential reaction of the isotopically light (−)-α-enantiomer (more negative δ2H) and

concomitant accumulation of isotopically heavy (+)-α-enantiomer even with a 2H-AKIE of 1.

This phenomenon (i) confirms that the observed H isotope fractionation could have been masked

in anaology to the masking of C isotope fractionation and (ii) precludes the quantification of

εH-values that can be assigned to a reaction of α-HCH.
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Figure S3 Simulation of H isotope fractionation mimicking experiments with α-HCH and LinB. Panel
A shows the concentration changes of the two α-HCH enantiomers. Panel B illustrates changes of
δ2H of (−)-α-HCH, (+)-α-HCH, and bulk-α-HCH vs. time. Panel C displays the same data vs.
fraction, f , of remaining reactant. All calculations were made with δ2H0 of −100h and −40h for
(−)-α- and (+)-α-HCH, respectively.
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S4.3.3 Matlab Scripts

1 function dcdt = reactorode1a(t,c)

2 %% reactions

3 % A −> reaction of (−)alpha−HCH enatiomer

4 % B −> reaction of (+)alpha−HCH enatiomer

5

6 %% species

7 % 1 (−)alpha−HCH light isotopologue

8 % 2 (−)alpha−HCH heavy isotopologue

9 % 3 (+)alpha−HCH light isotopologue

10 % 4 (+)alpha−HCH heavy isotopologue

11

12 %% variables

13 global kaL kaH kbL kbH

14 global KIEa KIEb

15

16 %% experessions

17 kaH = kaL/KIEa;

18 kbH = kbL/KIEb;

19

20 %% others

21 dcdt=zeros(size(c));

22

23 %% equation

24 dcdt(1) = −kaL*c(1);
25 dcdt(2) = −kaH*c(2);
26 dcdt(3) = −kbL*c(3);
27 dcdt(4) = −kbH*c(4);

1 %% isoscript model alpha−HCH
2 clear all

3 close all

4 clc

5 %% variables

6 global kaL kbL %kaH kbH

7 global KIEa KIEb

8

9 %% data input

10 kaL = 5e−5; % s−1
11 kbL = kaL/500; % s−1
12 KIEa = 1.000; % −
13 KIEb = 1.000; % −
14 Rstd = 0.01122; % −
15

16 %% initial conditions

17 Atot0 = 4e−5; % M
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18 Btot0 = 4e−5; % M

19 dhEA0 = −100; %

20 dhEB0 = −40;
21

22 %% derived parameters

23 RA0 = (dhEA0/1000+1)*Rstd;

24 RB0 = (dhEB0/1000+1)*Rstd;

25 RAB0 = ((dhEA0+dhEB0)/2/1000+1)*Rstd;

26

27 AL0 = Atot0 / (1 + RA0);

28 AH0 = AL0 * RA0;

29 BL0 = Btot0 / (1 + RB0);

30 BH0 = BL0 * RB0;

31 c0 = [AL0 AH0 BL0 BH0];

32

33 %% defince calculation

34 max time = 30*86400;

35 tspan = [0 max time];

36

37 %% solve differential equations

38 options = odeset('reltol',1e−10,'abstol',1e−15);
39 [t,c] = ode15s(@reactorode1b,tspan,c0,options);

40

41 %% evaluating results: concentration, time

42 AL = c(:,1);

43 AH = c(:,2);

44 BL = c(:,3);

45 BH = c(:,4);

46 time = t/3600;

47

48 %% evaluating results: isotope ratios and signatures

49 A = AL + AH;

50 B = BL + BH;

51 RA = c(:,2)./c(:,1);

52 RB = c(:,4)./c(:,3);

53 dhEA = (RA/Rstd − 1) * 1000;

54 dhEB = (RB/Rstd − 1) * 1000;

55 fA = (c(:,2)+c(:,1))/(c(1,1)+c(1,2));

56 fB = (c(:,4)+c(:,3))/(c(1,3)+c(1,4));

57 lnRA = log(RA/RA0);

58 lnfA = log(fA);

59 lnRB = log(RB/RB0);

60 lnfB = log(fB);

61

62 %% Calculation (observable) bulk parameters

63 ABL = (c(:,1)+c(:,3));

64 ABH = (c(:,2)+c(:,4));

65

66 RAB = ABH./ABL;

67 dhEAB = (RAB/Rstd − 1) * 1000;
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68 fAB = (c(:,1)+c(:,2)+c(:,3)+c(:,4))/(c(1,1)+c(1,2)+c(1,3)+c(1,4));

69 lnRAB = log(RAB/RAB0);

70 lnfAB = log(fAB);

71

72 %% plotting results

73

74 figure

75 title221 = ['k {(−)\alpha} = 5ˆ.10ˆ{−5} (sˆ{−1})'];
76 title222 = ['dˆ2H(−)\alpha 0 = ', num2str(dhEA0,3), ' ; dˆ2H(+)\alpha 0 = ',

77 num2str(dhEB0,3),' '];

78 title223 = ['KIE {(−)\alpha} = ', num2str(KIEa,5), '; KIE {(+)\alpha} = ',

79 num2str(KIEb,5)];

80 title224 = 'Semilog plot';

81 fontsi = 10;

82

83 subplot(2,2,1)

84 plot(time*60, A, time*60, B)

85 ylim([0 5e−5]);
86 xlim([0 500]);

87 xlabel('time (min)');

88 ylabel('concentration (M)');

89 title(title221,'FontSize', fontsi, 'FontWeight', 'normal');

90 legend('(−)\alpha−HCH', '(+)\alpha−HCH', 'Location', 'southwest');

91 text(20, 4.5e−5,'k {(−)\alpha}/k {(+)\alpha} = 500')

92

93 subplot(2,2,2)

94 plot(time*60, dhEA, time*60, dhEB, time*60, dhEAB)

95 ylim([−110 −35]);
96 xlim([0 500]);

97 xlabel('time (min)');

98 ylabel('\∆ˆ2H ( )');

99 title(title222,'FontSize', fontsi, 'FontWeight', 'normal');

100 legend('\∆ˆ2H(−)\alpha', '\∆ˆ2H(+)\alpha', '\∆ˆ2H(bulk−\alpha)',
101 'Location', 'southeast');

102

103 subplot(2,2,3);

104 plot(fA, dhEA, fB, dhEB, fA, dhEAB, fAB, dhEAB)

105 xlim([0.5 1]);

106 ylim([−170 −35]);
107 xlabel('f(−)\alpha, f(+)\alpha, f(bulk−\alpha) (−)');
108 ylabel('\∆ˆ2H ( )');

109 title(title223,'FontSize', fontsi, 'FontWeight', 'normal');

110 legend('\∆ˆ2H(−)\alpha vs. f(−)\alpha', '\∆ˆ2H(+)\alpha vs. f(+)\alpha',
111 '\∆ˆ2H(bulk−\alpha) vs f(−)\alpha', '\∆ˆ2H(bulk−\alpha) vs.

112 f(bulk−\alpha)', 'Location', 'southwest');

113

114 print −djpeg −r300 1b
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S5 Additional Data

S5.1 Chemical structures of substrates and products

Figure S4 shows the chemical structures of all HCH isomers used as substrates in the present

and predecessor study,17 as well as the those of identified product isomers. Figure S5 lists all

possible stereoisomers of PCCH.
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Figure S5 Configurations of all sixteen possible pentachlorocyclohexene (PCCH) stereoisomers.
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column.12,19–21 For compounds 8a and 8b (γ-PCCH1 and γ-PCCH2, respectively) the numbering
for the carbon atoms in the ring is given, so it can be seen that γ-PCCH1 and γ-PCCH2 correspond
to 1, 3S, 4R, 5R, 6S-PCCH and 1, 3R, 4S, 5S, 6R-PCCH, respectively. The numbering for γ-PCCH
is exemplary and is analogous for all sixteen stereoisomers shown. Compound 3a (β-PCCH2) and
3b (β-PCCH1) are the products of enantioselective dehydrochlorinations of (–)-α-HCH and (+)-α-
HCH, respectively, catalyzed by LinA2 or by LinA1 (19,20, this work). When acting on γ-HCH, LinA2
enantioselectively produces compound 8b, whereas LinA-type2 (closely related to LinA1) produces
a racemic mixture of compounds 8a and 8b.19,21 It needs to be noted that in Suar et al. 20 and
Shrivastava et al. 19 , the absolute configurations of the β-PCCH enantiomers have been mistaken
for those of the θ-PCCH enantiomers.

S21



S
5
.2

S
u
rv

e
y

o
f

in
v
e
st

ig
a
ti

o
n

s
o
f

a
e
ro

b
ic

H
C

H
b
io

d
e
g
ra

d
a
ti

o
n

a
n
d

-t
ra

n
sf

o
rm

a
ti

o
n

w
it

h
co

m
p

o
u
n
d
-s

p
e
ci

fi
c

is
o
to

p
e

a
n

a
ly

si
s

T
a
b
le

S
5

S
u

rv
ey

of
st

at
e-

of
-t

h
e

ar
t

on
st

ab
le

-i
so

to
p

e-
b

as
ed

in
ve

st
ig

at
io

n
s

of
ae

ro
b

ic
H

C
H

b
io

tr
an

sf
or

m
at

io
n

as
w

el
l

as
st

u
d

ie
s

in
ab

io
ti

c
m

o
d

el
sy

st
em

s
an

d
th

eo
re

ti
ca

l
w

or
k

th
at

ta
rg

et
s

th
e

sa
m

e
re

ac
ti

on
s,

n
am

el
y

h
yd

ro
ly

ti
c

d
ec

h
lo

ri
n

at
io

n
an

d
d

eh
yd

ro
ch

lo
ri

n
at

io
n

(s
ee

S
ch

em
e

2
in

m
ai

n
m

an
u

sc
ri

p
t)

.
L

et
te

rs
“C

”,
“H

”,
an

d
“C

l”
st

an
d

fo
r

th
e

is
ot

op
ic

el
em

en
t

in
ve

st
ig

at
ed

in
ea

ch
st

u
d

y.

S
y
st

em
E

le
m

en
ts

(+
)-
α

-H
C

H
(−

)-
α

-H
C

H
β

-H
C

H
γ

-H
C

H
δ-

H
C

H

W
h

o
le

o
rg

a
n

is
m

s
S
.
in
d
ic
u
m

B
90

A
C

B
as

h
ir

et
a
l.

2
B

a
sh

ir
et

a
l.

2
B

a
sh

ir
et

a
l.

2

S
.
ja
po
n
ic
u
m

U
T

26
C

B
as

h
ir

et
a
l.

2
B

a
sh

ir
et

a
l.

2
B

a
sh

ir
et

a
l.

2

P
u

ri
fi

e
d

e
n

z
y
m

e
s

L
in

A
1

C
,

H
S

ch
il

li
n

g
et

a
l.

1
7

L
in

A
2

C
,

H
th

is
st

u
d

y
th

is
st

u
d

y
th

is
st

u
d

y
a

S
ch

il
li

n
g

et
a
l.

1
7

th
is

st
u

d
y

L
in

B
C

,
H

th
is

st
u

d
y

th
is

st
u

d
y

th
is

st
u

d
y

th
is

st
u

d
y

a
th

is
st

u
d

y

A
b

io
ti

c
m

o
d

e
l

sy
st

e
m

s
A

lk
al

in
e

so
lu

ti
on

C
(Z

h
a
n

g
et

a
l.

2
2
)b

C
o
m

p
u

ta
ti

o
n

s
L

in
A

C
,

H
,

C
l

M
a
n

n
a

et
a
l.

1
1

M
a
n

n
a

et
a
l.

1
1

M
a
n

n
a

et
a
l.

1
1

M
a
n

n
a

et
a
l.

1
1

F
ie

ld
st

u
d

ie
s

U
n

sp
ec

ifi
ed

fi
el

d
si

te
C

(B
a
sh

ir
et

a
l.

3
)b

B
a
sh

ir
et

a
l.

3
B

a
sh

ir
et

a
l.

3
B

a
sh

ir
et

a
l.

3

B
it

te
rf

el
d

-W
ol

fe
n

,
G

er
m

an
y

C
L

iu
et

a
l.

1
0

L
iu

et
a
l.

1
0

L
iu

et
a
l.

1
0

L
iu

et
a
l.

1
0

L
iu

et
a
l.

1
0

P
es

ti
ci

d
e

fa
ci

li
ty

,
F

L
,

U
S

A
C

(C
h

a
rt

ra
n

d
et

a
l.

4
)b

C
h

a
rt

ra
n

d
et

a
l.

4
C

h
a
rt

ra
n

d
et

a
l.

4
C

h
a
rt

ra
n

d
et

a
l.

4

a
n

o
re

ac
ti

v
it

y
o
f

th
is

en
zy

m
e-

su
b
st

ra
te

co
m

b
in

at
io

n
as

d
is

cu
ss

ed
in

th
e

p
re

se
n
t

st
u

d
y
;

b
α

-H
C

H
en

an
ti

om
er

s
n

ot
sp

ec
ifi

ed
.

S22



S5.3 Reaction rate constants and catalytic efficiencies

We used the Levenberg-Marquardt algorithm in Copasi7 to solve first-order ordinary differential

equations with which we determined the first order rate constant, kobs, for the disappearance

of the substrate and the appearance of intermediates and products (Table S6). The reported

differences among kobs-values and catalytic efficiencies, kcat/Km, for each substrate-enzyme

combination, are due to the inherent variability among biological replicates as well as differences

of substrate concentrations.

Table S6 Reaction rate constants, kobs, and catalytic efficiencies, kcat/Km, from individual
experiments with different HCH isomers with LinA2 and LinB, respectively. We did not
observe any transformation of β-HCH by LinA2 and no transformations of (+)-α-HCH
and γ-HCH by LinB.

Substrate Reaction kobs (s−1) kcat/Km (M−1s−1)

LinA2

(−)-α-HCHa (−)-α-HCH→β-PCCH (3.2±0.2)·10−3 (5.6±0.1)·106

(−)-α-HCHb (−)-α-HCH→β-PCCH (1.6±0.2)·10−3 (4.3±0.1)·104

β-PCCH→TCB (1.6±0.1)·10−4 (4.3±0.1)·103

(+)-α-HCHb (+)-α-HCH→β-PCCH (3.4±0.2)·10−5 (8.9±0.1)·102

β-PCCH→TCB (3.2±0.2)·10−4 (8.6±0.1)·103

β-HCH – – –

γ-HCH γ-HCH→ γ-PCCH (9.1±0.2)·10−4 (1.7±0.1)·104

γ-PCCH→ 1,2,4-TCB (1.6±0.1)·10−3 (2.9±0.1)·104

δ-HCH δ-HCH→ δ-PCCH (1.1±0.1)·10−4 (9.0±0.1)·102

δ-PCCH→ 1,2,3-TCB (1.1±0.1)·10−6 (8.9±0.7)·101

δ-PCCH→ 1,2,4-TCB (1.5±0.1)·10−5 (1.3±0.1)·102

LinB

(−)-α-HCH (−)-α-HCH→PCHL (1.2±0.1)·10−4 (2.8±0.1)·102

(+)-α-HCH – – –

β-HCHc β-HCH→B1 (1.2±0.1)·10−3 (3.5±0.1)·104

β-HCHd β-HCH→B1 (3.7±0.2)·10−4 (9.4±0.1)·102

γ-HCH – – –

δ-HCH δ-HCH→D1 (3.7±0.2)·10−4 (1.2±0.1)·103

a 0.01 µg/mL LinA2 b 0.7 µg/mL LinA2 c 0.8 µM initial β-HCH concentration
d 6 µM initial β-HCH concentration
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S5.4 Pentachlorocyclohexenes from α-HCH

From each α-HCH enantiomer, different pentachlorocyclohexenes (PCCHs) can theoretically

be formed in trans-diaxial elimination reactions. The possible reaction pathways from the less

stable conformer of each enantiomer (Table S2) are also shown. Each conformer has two reactive

sites. From each site the same PCCH will be formed in a trans-diaxial elimination reaction.

Figure S6 Possible PCCHs formed from different α-HCH enantiomers and conformers. From the
two reactive positions in each conformer, marked bold, always the same PCCH is formed. We named
the enantiomers according to their relative retention time on the γ-DEXTM 120 column as β-PCCH1
and β-PCCH2. θ-PCCHs were named according to the numbering used in Figure S5.
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S5.5 Additional data for the LinA2 catalyzed transformation of β-HCH
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Figure S7 Absence of transformation of β-HCH in assays containing LinA2 illustrated by the constant
substrate concentrations (panel A) and constant δ13C values (panel B).

S5.6 Additional data for the LinB catalyzed transformation of β-HCH
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