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LinA is the first enzyme of the microbial degradation pathway of a chlorinated insecticide, hexachlorocyclohexane (HCH), and
mediates the dehydrochlorination of �-, �-, and �-HCH. Its two variants, LinA type 1 and LinA type 2, which differ at 10 out of
156 amino acid residues, have been described. Their activities for the metabolism of different HCH isomers differ considerably
but overall are high for �-HCH, moderate for �-HCH, low for �-HCH, and lacking for �-HCH. Here, we describe the character-
ization of a new variant of this enzyme, LinA type 3, whose gene was identified from the metagenome of an HCH-contaminated
soil sample. Its deduced primary structure in the region spanning amino acid residues 1 to 147 of the protein exhibits 17 and 12
differences from LinA type 1 and LinA type 2, respectively. In addition, the residues GIHFAPS, present at the region spanning
residues 148 to 154 in both LinA type 1 and LinA type 2, are deleted in LinA type 3.The activity of LinA type 3 for the metabolism
of �-HCH is several orders of magnitude higher than that of LinA type 1 or LinA type 2 and can be useful for improvement of the
metabolism of �-HCH.

Technical hexachlorocyclohexane (t-HCH) is a chlorinated in-
secticide consisting of � (60 to 70%)-, � (5 to 12%)-, � (10 to

12%)-, � (6 to 10%)-, and ε (3 to 4%)-isomers (1, 2). These iso-
mers differ from each other in the spatial orientation of chlorine
atoms on the cyclohexane ring. Their solubility, reactivity, and
toxicity also differ considerably (1, 2). Several microorganisms
that mediate the biodegradation of one or more of these isomers
under aerobic conditions have been characterized (3, 4). The
available information suggests that the degradation of �-HCH is
initiated by the activity of the enzyme HCH dehydrochlorinase
(LinA), which mediates its dehydrochlorination in two steps, i.e.,
the formation of pentachlorocyclohexene (PCCH) in the first
step, which is converted into 1,3,4,6-tetrachloro-1,4-cyclohexa-
diene (1,4-TCDN) in the second step (3, 4). The TCDN formed is
further metabolized by the serial activity of the enzymes LinB,
LinC, LinD, LinE, LinF, and LinGHJ to form products that enter
the tricarboxylic acid (TCA) cycle and support cell growth (3, 4).
The biodegradation of �-HCH, although not studied in detail, is
expected to follow a similar pathway (4). The degradation path-
way for �-HCH, however, is distinct from these pathways and
is initiated by the enzyme LinB. Briefly, it is first metabolized
to 2,3,4,5,6-pentachlorocyclohexanol, which is converted into
2,3,5,6-tetrachlorocyclohexanediol in the second step (5, 6).
These metabolites have also been referred to as B1 and B2, respec-
tively (7).

Degradation of �-HCH, which carries two adjacent trans-di-
axial HCl pairs (8), however, can proceed by three different path-
ways (Fig. 1). One pathway is similar to that for �-HCH, where
LinA has been proposed to cause anti-1,2-elimination of HCl by
abstraction of H� at C-2 or C-6, leading to the formation of either
�-PCCH-1 or �-PCCH-2, which undergoes a syn-1,4-elimination
(H� abstraction at C-6) by the activity of LinA to form 1,2,5,6-
tetrachlorocyclohexa-1,3-diene (8). A syn-1,2-elimination reac-
tion leads to the formation of a mixture of 1,2,4- or 1,2,3-trichlo-
robenzene (TCB) (8). The second pathway is similar to the
�-HCH pathway, wherein its two-step dehalogenation by LinB
leads to the formation of the corresponding pentachlorocyclo-
hexanol and tetrachlorocyclohexanediol, also referred to as D1
and D2, respectively (7). In the third pathway, �-HCH undergoes

dehydrochlorination by LinA to �-PCCH, which is metabolized
further by LinB in two steps to the metabolites 2,3,4,5-tetrachloro-
5-cyclohexene-1-ol and 2,3,5-trichloro-5-cyclohexene-1,4-diol,
also referred to as D3 and D4, respectively (7, 8).

Two variants of LinA, LinA type 1 and LinA type 2, have been
characterized (9). While LinA type 1, also referred to as LinA-
UT26 or LinA2 in some studies (8, 10), was first described for
Sphingobium japonicum UT26 (11) and subsequently described
for several other organisms (3, 4), the gene for LinA type 2 was
discovered in a soil metagenome (9). Both proteins consist of 156
amino acid residues, but they differ from each other at 10 posi-
tions (Fig. 2). LinA type 2 is distinct from another variant, LinA1,
which was characterized in Sphingobium indicum B90 and consists
of 154 amino acids (4, 8, 10). LinA1 is 99% identical to LinA type
2 in the region from amino acids 1 to 148 but differs completely
from it in the C-terminal region (residues 149 to 156) due to a
replacement of the amino acids IHFAPSGA by ALLQKS (9). LinA
type 1 and LinA type 2 exhibit substantial differences in enanti-
oselectivity and thermostability (9). Thus, while LinA type 1 ex-
hibits enantioselectivity for the transformation of (�)-�-HCH,
LinA type 2 shows a preference for (�)-�-HCH (9). Also, while
LinA type 1 undergoes rapid denaturation after it is preincubated
at 45°C, LinA type 2 remains stable for up to 8 h (9, 12). The
activities of both variants are high with �-HCH, moderate with
�-HCH, and low with �-HCH, and no activity was observed with
�-HCH (12). In this report, we describe the identification and
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characterization of a new variant, LinA type 3, whose gene was
obtained from the metagenome of an HCH-contaminated soil
sample.

MATERIALS AND METHODS
Soil samples. Several soil samples were collected from the vicinity of an
HCH-manufacturing unit, India Pesticides Ltd., located near Lucknow,
India. Levels of HCH residues in these soils exhibited large variations in
terms of both their total concentrations and the relative levels of the dif-
ferent isomers. Six samples, S1 to S6, whose �-HCH levels, i.e., the sum of
�-, �-, �-, and �-HCH levels, were 159.6, 33.3, 16.4, 0.2, 0.3, and 0.9 mg
g�1 soil, respectively, were selected for this study.

PCR amplification of linA genes and nucleotide sequencing. Metag-
enomic DNA was extracted from the soil samples, and PCR amplification
of linA genes from this DNA was done as described previously (12), except
that the Platinum Taq thermostable high-fidelity DNA polymerase en-
zyme (Invitrogen, Carlsbad, CA, USA) was used. The forward primer
(5=-CATATGAGTGATCTAGACAGACTTGCAA-3=) consisted of 1 to 25
nucleotides from the 5= end of linA type 1 with an NdeI site at its 5= end
(underlined). The reverse primer (5=-CTCGAGCGATTTTTGCAACAG
AGC-3=) consisted of nucleotides 1 to 21 from the 5= end of IS6100, which
was shown previously to be present downstream of the termination codon

of several linA genes (3), and an overhang of the XhoI site at its 5= end
(underlined). The selected amplified DNA product was eluted from the
agarose gel and ligated with the TA cloning vector pGEM-T Easy (Pro-
mega, Madison, WI, USA), and Escherichia coli DH5� cells were trans-
formed as described previously (12). Inserts from the clones were se-
quenced on an ABI Prism-3100 genetic analyzer (Applied Biosystems,
Foster City, CA, USA) by using universal forward and reverse M13 prim-
ers. Alignment of the sequences was done by using the Clustal W algo-
rithm (DNAStar Inc., WI, USA).

Expression of selected LinA enzymes. Inserts in the clones that were
carrying the desired linA genes, i.e., identical to linA type 1 (GenBank
accession number D90355), linA type 2 (accession number EU863871), and
the newly identified linA type 3, were reamplified by using primers that
contained NdeI and XhoI sites in the forward primer described above and
a reverse primer that consisted of nucleotides 448 to 471 of linA type 1,
respectively. These inserts were ligated with the pET-28a(�) vector
(Novagen, Darmstadt, Germany) and cloned into E. coli BL21(DE3)
cells, as described previously (9). After induction with 0.1 mM isopropyl-
�-D-thiogalactopyranoside (IPTG) and cell lysis, the expressed proteins
present in the clear supernatant were purified by using a Ni-nitrilotri-
acetic acid (NTA) Superflow column (Qiagen, Hilden, Germany) at 4°C
(9). Aliquots (0.5 ml) containing 0.5 mg protein in 50 mM sodium phos-

FIG 1 Three possible pathways for metabolism of �-HCH, including its conversion by LinB into the metabolites D1 (�-2,3,4,5,6-pentachlorocyclohexanol) and
D2 (�-2,3,5,6-tetrachlorocyclohexane-1,4-diol) (1); its conversion by LinA into �-PCCH, followed by conversion by LinB into D3 (�-3,4,5,6-tetrachloro-2-
cyclohexenol) and D4 (�-3,5,6-trichloro-2-cyclohexene-1,4-diol) (2); and its conversion by LinA into 1,3,4,6-tetrachlorocyclohexa-1,4-diene (1,4-TCDN),
followed by spontaneous metabolism to 1,2,4-trichlorobenzene (3).

Shrivastava et al.

7554 aem.asm.org November 2015 Volume 81 Number 21Applied and Environmental Microbiology

 on O
ctober 6, 2015 by guest

http://aem
.asm

.org/
D

ow
nloaded from

 

http://www.ncbi.nlm.nih.gov/nuccore?term=D90355
http://www.ncbi.nlm.nih.gov/nuccore?term=EU863871
http://aem.asm.org
http://aem.asm.org/


phate buffer (pH 8.0) and 15% glycerol were stored at �20°C for further
studies.

Chemical synthesis of �-, �-, and �-PCCH. �-PCCH and �-PCCH
were synthesized according to a previously reported method (13). Briefly,
100 mg �-HCH or �-HCH, dissolved in 10 ml acetonitrile, was mixed with
5 ml 0.1 M NaOH and incubated at 40°C. After 20 min, the content was
extracted in n-hexane. The formed PCCHs were purified by column chro-
matography using silica gel 60 (63 to 100 �m; Merck, Darmstadt, Ger-
many) as the stationary phase. The solvents n-hexane–acetone (98:2) and
cyclohexane-acetone (98:2) were used as the mobile phases for �-PCCH
and �-PCCH, respectively. For the preparation of �-PCCH, however, a
method described previously by Buser and Müller (14) was used. Briefly,
100 mg �-HCH, dissolved in 5 ml pyridine, was incubated at 65°C for 14
h. The contents were then extracted with n-hexane and washed serially
with 1 N HCl, 5% NaHCO3, and water. The formed �-PCCH was purified
by column chromatography, as described above, using n-hexane– ethyl
acetate (95:5) as the mobile phase.

Enzymatic synthesis of �-PCCH enantiomers. For the preparation of
�-PCCH1, 10 mg of chemically synthesized �-PCCH–racemate was incu-
bated with the Lin	 type 1 enzyme (5 �g ml�1) for 30 min in a 100-ml
reaction mixture containing 50 mM Tris-Cl (pH 8.0), 2% dimethyl sul-
foxide (DMSO), and 10% glycerol. The remaining �-PCCH-1, along with
the formed trichlorobenzenes (TCBs), was extracted with n-hexane.
�-PCCH-2 was prepared in the same manner, except that the enzyme
used was LinA type 2 (40 �g ml�1), and the reaction time was 60 min. The
�-PCCH enantiomers were purified from the TCBs by column chroma-
tography, as described above.

Analytical methods. (i) Kinetics of �-HCH, �-HCH, and �-HCH
conversion by LinA type 1, LinA type 2, and LinA type 3 enzymes. The
conversion of selected HCH isomers by LinA variants was analyzed by
monitoring the consumption of a particular substrate at 30°C in a solution
containing 50 mM Tris-HCl buffer (pH 8.0), 10% glycerol, 10% DMSO,
and the HCH substrate at two initial concentrations (250 and 500 �M).
The reaction was monitored by withdrawing 0.5-ml samples from the
reaction mixture and stopped by mixing the samples with 0.5 ml of n-
hexane–acetone (in a ratio of 8/1) containing 1,2,3-trichloropropane as
an internal standard. After extraction, samples were analyzed by using gas
chromatography-mass spectrometry (GC-MS). For measurement of the
levels of LinA type 2 with �-HCH and LinA type 3 with �-HCH and
�-HCH, the reaction mixture volume was reduced to 1 ml, and the prog-
ress of the reaction was monitored by withdrawing 1-�l samples, followed
by direct injection into a GC-MS instrument without extraction. For ex-
periments where the activity of the mixture of LinA and LinB was to be

evaluated, reactions were performed by using 340 �M �-HCH, 6 nM
LinA, and/or 3 nM LinB (same as LinBMI [6], cloned and purified in the
laboratory), as described above. The thermostability of different LinA
enzymes was evaluated after preincubation at 60°C for different time pe-
riods, as described previously (9).

(ii) Analysis of residual HCH. Residual HCH isomers were quantified
by gas chromatography (9). Briefly, suitable aliquots were run on a capil-
lary gas chromatograph (Clarus-500; PerkinElmer, Waltham, MA, USA)
equipped with a low-bleed column (TraceGOLD TG-1MS, 30 m by 0.25
mm by 0.25 �m; Thermo Scientific) and an electron capture detector.
Run conditions were as follows: the initial oven temperature was held at
150°C for 1 min, increased to 200°C at a rate of 10°C min�1, and further
increased to 250°C at 5°C min�1, where it was held for another 10 min.
Injector and detector temperatures were fixed at 250°C and 350°C, respec-
tively. Nitrogen gas was used as the carrier at a flow rate of 1.0 ml min�1.

For enantiomer analysis, an Agilent 7890A gas chromatograph that
was equipped with a chiral column (CP-Chirasil-Dex-CB, 25 m by 0.32
mm by 0.25 �m) and an electron capture detector was used (15). The
initial oven temperature was 80°C (2-min hold), which was increased to
180°C at a rate of 2°C min�1 and then held for 10 min. The injector and
detector were fixed at 250°C.

(iii) GC-MS analysis. Residual HCH isomers were quantified by using
a gas chromatograph (catalog number 7890; Agilent, USA) equipped with
a ZB-5 capillary column (30 m by 0.25 mm by 0.25 �m; Phenomenex) and
connected to a mass spectrometer (catalog number 5975C; Agilent, USA).
One microliter of the sample was injected into a split-splitless inlet at
250°C, at a split ratio of 1:50. The temperature program was an isothermal
step at 40°C for 1 min, followed by an increase to 250°C at a rate of
20°C/min and a hold for 2 min. The flow rate of the carrier gas (He) was
1.2 ml min�1. The mass spectrometer was operated in scan mode (30 to
320 atomic mass units [amu]). The temperatures of the ion source and the
GC-MS interface were 230°C and 250°C, respectively.

(iv) Data analysis and statistics. For each reaction, full time courses
measured for two different starting concentrations of the substrate were
simultaneously fitted to a three-step model (see the equation below) by
using the dynamic kinetic simulation program KinTek Global Kinetic
Explorer version 4.0 (KinTek, USA). During data fitting based on numer-
ical integration of rate equations from an input model, the program
sought parameters that resulted in minimum 
2 value using nonlinear
regression based on the Levenberg-Marquardt method. The standard er-
ror (SE) was calculated from the covariance matrix during nonlinear re-
gression for global fitting of the data for both experiments for each reac-
tion. In addition to SE values, more rigorous analysis of the variation of

FIG 2 Primary structures of the various LinA enzymes described in this study. The amino acid residues that are identical to LinA type 1 are shown as dots, and
those absent in other LinA enzymes are shown as dashes. The structure of LinA type 3 was deduced from the nucleotide sequence of its gene, identified in this
study (GenBank accession number KF534798), and those of type 1 (accession number D90355) and type 2 (accession number EU863871) were reported
previously. The boxed residues represent those identified previously (18) for their role in degradation and their enantiomeric preference for various HCH
isomers.
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these kinetic parameters was accomplished by confidence contour analy-
sis using FitSpace Explorer (KinTek, USA). For this analysis, the lower and
upper limits for each parameter were derived from the threshold in the
confidence contours at 1.2 times the minimum 
2 value (16). The steady-
state kinetic constants were derived as follows, where the turnover num-
ber is calculated as kcat � k2, the specificity constant is calculated as kcat/
Km � k2/(k�1/k1), and the product dissociation constant is calculated as
Ki � k�3/k3:

E � Sº
k�1

k1

E.S →
k2

E.Pº
k�3

k3

E � P

where E is enzyme, S is substrate, P is product, E.S is enzyme-substrate
complex, and E.P is enzyme-product complex.

Nucleotide sequence accession number. The nucleotide sequence of
linA type 3 has been submitted to GenBank under accession number
KF534798.

RESULTS AND DISCUSSION
Several LinA variants are present in soil metagenomes. Southern
hybridization by the linA probe revealed the presence of several
cross-reactive products that were formed from the different soil
samples after PCR amplification. The major ones included a
2.0-kb product from S1; 1.8- and 1.7-kb products from S2; 1.8-
and 1.7-kb products from S3; 1.8- and 1.5-kb products from S4;
and 1.8-, 1.7-, 1.0-, and 0.5-kb products from both S5 and S6 (data
not shown). Nucleotide sequencing of several randomly selected
clones, obtained from each of the amplified fragments that were
cross-reactive with the linA probe, revealed that their size hetero-
geneity was due to the presence of IS6100 0, 444, 1,084, 1,251,
1,352, or 1,567 nucleotides downstream of the linA gene. The se-
quence of the region between linA and IS6100 in all the clones was
�99% identical to that of the corresponding region of the arche-
typal strain UT26 (data not shown). Sequencing of the linA re-
gions in these amplified products revealed the presence of three
major types of linA variants, i.e., either �95% identical to previ-
ously described linA type 1 or linA type 2 (9) or belonging to a new
group, linA type 3. The linA type 3 gene differed from linA type 1
in the region spanning nucleotides 1 to 440 at 21 positions, which
led to changes in 17 amino acid residues, i.e., K20Q, I44V, A60V,
L64V, M67R, F68W, E70D, C71F, L96C, I107V, A110N, F113Y,
D115S, R129L, A131G, T133M, and A145V, in the deduced pri-
mary structure of the LinA type 3 protein (Fig. 2). Similarly, linA
type 3 differed from linA type 2 at 14 nucleotide positions and
caused differences in 12 amino acid residues, i.e., K20Q, I44V
A60V, L64V, M67R, Y68W, E70D, T71F, I107V, A110N, N115S,
and A145V, in the LinA type 3 protein (Fig. 2). In addition to these
differences, the nucleotides present at positions 445 to 465 in linA
type 1 and linA type 2 are deleted in linA type 3 (Fig. 2) and
correspondingly lead to deletions of the encoded 7 amino acid
residues GIHFAPS present at positions 148 to 154 in the LinA type
1 and LinA type 2 proteins. However, amino acid residues D25
and H73, previously described to form a catalytic dyad in LinA,
were found to be conserved in LinA type 3.

Activity of the LinA variants with various HCH isomers. All
three variants, i.e., LinA type 1, LinA type 2, and LinA type 3, were
able to mediate the transformation of �-HCH, �-HCH, and
�-HCH (Fig. 3). Their catalytic efficiencies (kcat/Km) for dehydro-
chlorination of �-HCH were comparable (Table 1). The reactions
were accompanied by the formation of �-PCCH and 1,2,4-tri-
chlorobenzene (see Fig. S1 in the supplemental material). Simi-
larly to �-HCH, all three variants were also able to mediate the

dechlorination of �-HCH. The catalytic efficiency (kcat/Km) was
highest for LinA type 1 (86.2  10.1 min�1 �M�1), followed by
LinA type 2 (59.3  6.7 min�1 �M�1) and LinA type 3 (59.3  6.7
min�1 �M�1). The activity of LinA type 1 or LinA type 2 with
�-HCH led to the formation of �-PCCH and a mixture of 1,2,4-
TCB and 1,2,3-TCB. With LinA type 3, however, formation of
1,3,5-TCB was also observed after the reaction, in addition to the
formation of �-PCCH, 1,2,4-TCB, and 1,2,3-TCB (see Fig. S1 in
the supplemental material). Similarly to �-HCH and �-HCH, all
the LinA proteins mediated the metabolism of �-HCH to �-PCCH
and 1,2,4-TCB, along with trace amounts of 1,2,3-TCB (see Fig. S1
in the supplemental material). The catalytic efficiency (kcat/Km) of
LinA type 3 for �-HCH was 50 times higher than that of LinA type
1 and several orders of magnitude higher than that of LinA type 2
(Table 1).

The observed metabolism of �-HCH is in agreement with data
from previous studies (8, 17) where this isomer was found to be a
substrate for the LinA enzymes, due to the presence of a 1,2-biaxial
HCl pair(s) that was necessary for the dehydrochlorination activ-
ity of LinA (13). The high activity of LinA type 3 for �-HCH,
compared to that of LinA type 1 or LinA type 2, could be due to
any one or more of the 17 amino acid residues in LinA type 1 or the
12 residues in LinA type 2 that are different in LinA type 3 (Fig. 2).
Incidentally, these different amino acid residues include 7 resi-
dues, i.e., K20Q, I44V, L64V, L96C, F113Y, A131G, and T133M,
that are among the 11 residues that were identified previously for
their role in the metabolism of various isomers (18). The high
activity of LinA type 3 for �-HCH occurs at the cost of its activity
for �-HCH, which correspondingly is considerably lower than
those of LinA type 1 and LinA type 2 (Table 1). The low activity of
LinA type 3 for �-HCH could be the reason for the nonidentifica-
tion of this enzyme in previous studies, where the majority of the
LinA enzymes were obtained from organisms that were isolated by
selective enrichment on �-HCH (3, 4).

Enantioselectivity analysis revealed that LinA type 1 and LinA
type 2 exhibited a preference for the metabolism of the (�) and
(�) enantiomers, respectively (see Fig. S1 in the supplemental
material), as reported previously (9). However, both �-HCH
enantiomers were metabolized by LinA type 3 at comparable
rates. The reaction results in the formation of �-PCCH-1 and
�-PCCH-2 enantiomers, but �-PCCH-2 was observed as the ma-
jor product (65%) (see Fig. S1 in the supplemental material). Sim-
ilarly, after the reaction of �-HCH with LinA type 1 and LinA type
3, �-PCCH-2 was the major product formed, i.e., 95% and 60%,
respectively. The reaction of LinA type 2 with �-HCH, however,
led to the formation of a racemic mixture of �-PCCH-1 and
�-PCCH-2 (see Fig. S1 in the supplemental material). Enantiose-
lectivity was also observed for the metabolism of �-HCH by LinA
type 1 and LinA type 3, and �-PCCH-2 was the major product
(�95%) formed. Reactions with LinA type 2, however, led to the
formation of a racemic mixture of �-PCCH-1 and �-PCCH-2 (see
Fig. S1 in the supplemental material).

The observed enantioselectivity of LinA type 1 and LinA type 2
is in agreement with previously reported findings for �-HCH (9,
10), �-HCH (13), and �-HCH (8), but new information about the
selectivity of LinA type 3 with all these substrates has become
available in this study. It has been proposed that LinA type 1 enan-
tiotopically differentiates between two 1,2-biaxial HCl pairs pres-
ent on �-HCH and gives rise to a single PCCH enantiomer,
1,3(R),4(S),5(S),6(R)-PCCH, which is then converted to 1,2,4-
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TCB via the presumed but instable intermediate (3R,6R)-1,3,4,6-
tetrachlorocyclohexa-1,4-diene. However, the formation of a
mixture of �-PCCH-1 and �-PCCH-2 by the enzymes LinA type 2
and LinA type 3 suggests that these variants can recognize both
biaxial pairs of �-HCH and lead to the formation of the two
�-PCCH enantiomers, which can be explained by different bind-
ing orientations in the enzyme active site.

Enantioselective metabolism of �-HCH by the variant LinA
type 3 to �-PCCH-2, whose further metabolism to TCB is ex-
tremely slow, can be useful for the enzymatic preparation of
�-PCCH-2. Likewise, the LinA type 1 and LinA type 2 enzymes can
be used for obtaining nearly pure preparations of �-PCCH-1 and
�-PCCH-2 enantiomers, respectively, as was done for this study.

Activity of the LinA variants with different PCCHs. Enantiose-
lectivity analysis revealed that chemically synthesized �-PCCH,

�-PCCH, and �-PCCH consisted of racemic mixtures of two
enantiomers in each case. The activities of all three LinA enzymes
with chemically synthesized �-PCCH revealed that the reactions
in either case were accompanied by the formation of 1,2,4-TCB
(see Fig. S2 in the supplemental material). During this activity,
while LinA type 1 exhibited a preference for the metabolism of
�-PCCH-1, LinA type 2 and LinA type 3 used �-PCCH-2 as the
preferred substrate (see Fig. S2 in the supplemental material). The
results for LinA type 1 and LinA type 2 are in agreement with data
from previous studies (9, 13).

Unlike with �-PCCH, 1,2,4-TCB and 1,2,3-TCB were formed
by the activities of LinA type 1 and LinA type 2 on �-PCCH.
However, additional formation of 1,3,5-TCB was observed after
the activity of LinA type 3, as was also seen when �-HCH was used
as the substrate, as described above. Enantioselectivity analysis

FIG 3 Metabolism of �-HCH, �-HCH, and �-HCH by LinA type 1 (A), type 2 (B), and type 3 (C). In each case, two concentrations of the substrate and enzyme
were used. Thus, 125 and 325 �M �-HCH were incubated with 0.74 and 1.01 �M LinA type 1, respectively; 90 and 260 �M �-HCH were incubated with 0.201
and 0.324 �M LinA type 1, respectively; and both 205 and 455 �M �-HCH were incubated with 5.07 �M LinA type 1. Similarly, 95 and 320 �M �-HCH were
incubated with 0.53 and 0.84 �M LinA type 2, respectively; 170 and 410 �M �-HCH were incubated with 1.38 and 2.97 �M LinA type 2, respectively; and 105
and 435 �M �-HCH were incubated with 36 and 91 �M LinA type 2, respectively. Likewise, 130 and 495 �M �-HCH were incubated with 0.21 and 0.42 �M LinA
type 3, respectively; 280 and 480 �M �-HCH were incubated with 4.51 and 11.27 �M LinA type 3, respectively; and 120 and 465 �M �-HCH were incubated with
0.04 and 0.21 �M LinA type 3, respectively.

TABLE 1 Kinetic constants for LinA enzymes with HCH isomers

LinA variant type

Mean kcat/Km (min�1 �M�1)  SE Mean kcat (min�1)  SE

�-HCH �-HCH �-HCH �-HCH �-HCH �-HCH

1 0.52  0.02 86.2  10.1 7.18  0.35 7.0  0.5 21.1  2.6 2.1  0.1
2 0.35  0.02 59.3  6.7 0.0006  0.0001 10.1  0.8 3.6  0.5 0.18  0.02
3 0.21  0.02 18.4  1.5 343.7  15.8 20.6  2.9 1.1  0.1 57.4  2.7
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revealed that while LinA type 1 exhibited a preference for the
metabolism of �-PCCH-2, LinA type 2 and type 3 used �-PCCH-1
as the preferred substrate (see Fig. S2 in the supplemental mate-
rial). Studies with purified �-PCCH-1 or �-PCCH-2 revealed that
the formation of 1,3,5-TCB, in addition to 1,2,4-TCB and 1,2,3-
TCB, after the activity of LinA type 3 was due to the metabolism of
�-PCCH-2 and not �-PCCH-1 (data not shown).

Similarly to �-PCCH and �-PCCH, the three LinA variants
also mediate the transformation of �-PCCH, and 1,2,4-TCB was
formed as the major metabolite, along with trace amounts of
1,2,3-TCB. Enantioselectivity analysis revealed that while LinA
type 1 exhibited a preference for the metabolism of �-PCCH-2,
LinA type 2 and LinA type 3 used �-PCCH-1 preferentially (see
Fig. S2 in the supplemental material).

While the observations for LinA type 1 and LinA type 2 are in
agreement with previously reported findings (8), information on
LinA type 3 was obtained in this study.

Thermostability of the different LinA enzymes. The three
LinA variants exhibited considerable differences in their thermo-
stability (see Fig. S3 in the supplemental material). Thus, after
preincubation at 60°C for 2 h, while the residual activity of LinA
type 1 was only �15% of its initial activity, nearly 100% of the
initial activity of LinA type 2 and 50% of the initial activity of LinA
type 3 were observed. The thermostability of an enzyme has im-
portant implications for its potential role in biocatalytic applica-
tions (19), and features responsible for conferring this property to
different enzymes have been studied extensively (20). The ob-
served moderate thermostability of LinA type 3 could be due to
the presence of Q20 in its structure, which is among the two amino
acid residues, i.e., Q20 and G23, that were identified previously (9)
as conferring stability to LinA proteins. However, a role for other
different amino acid residues cannot be ruled out at this stage.

Metabolism of �-HCH by LinA and LinB. While the metabo-
lism of �-HCH to �-PCCH and TCBs occurs with different LinA
enzymes, as described above and also as described in previous
studies (8, 17), �-HCH can also be metabolized by LinB to the
metabolites D1 (�-2,3,4,5,6-pentachlorocyclohexanol) and D2
(�-2,3,5,6-tetrachlorocyclohexane-1,4-diol) (Fig. 1). In the pres-
ent study, when �-HCH was incubated with a mixture of LinA
type 1 and LinB, formation of the metabolite D2 was observed (see
Fig. S4 in the supplemental material), suggesting that the activity
of LinB dominated over that of LinA in this reaction. However,
when the same reaction was done by using LinA type 3, a shift in
the product profile was observed, and the metabolite D4 was
formed, which results from the activity of LinB on �-PCCH (Fig.
1). The formation of different metabolites, D2 during the metab-
olism of �-HCH with a combination of the enzymes LinA type 1
and LinB but D4 with a combination of the enzymes LinA type 3
and LinB, suggests that different pathways for the metabolism of
�-HCH might operate in contaminated soils, depending on the
nature of the LinA proteins present.
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