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Background: Here we report specific activities of all seven naturally occurring LinA variants towards three different isomers,
o, v and 8, of a priority persistent pollutant, hexachlorocyclohexane (HCH). Sequence-structure-function differences
contributing to the differences in their stereospecificity for a-, y-, and 6-HCH and enantiospecificity for (+)- and (—)-o -HCH

Methodology/Principal Findings: Enzyme kinetic studies were performed with purified LinA variants. Models of LinA2ggoa
A110T, A111C, A110T/A111C and LinA1ggoa Were constructed using the FoldX computer algorithm. Turnover rates (min~")
showed that the LinAs exhibited differential substrate affinity amongst the four HCH isomers tested. a-HCH was found to be
the most preferred substrate by all LinA’s, followed by the y and then & isomer.

Conclusions/Significance: The kinetic observations suggest that LinA-y1-7 is the best variant for developing an enzyme-
based bioremediation technology for HCH. The majority of the sequence variation in the various linA genes that have been
isolated is not neutral, but alters the enantio- and stereoselectivity of the encoded proteins.

Citation: Sharma P, Pandey R, Kumari K, Pandey G, Jackson CJ, et al. (2011) Kinetic and Sequence-Structure-Function Analysis of Known LinA Variants with
Different Hexachlorocyclohexane Isomers. PLoS ONE 6(9): €25128. doi:10.1371/journal.pone.0025128

Received June 22, 2011; Accepted August 25, 2011; Published September 16, 2011

Copyright: © 2011 Sharma et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This work was supported by the Indo-Australian Biotechnology Fund from the Department of Education Science and Technology (DEST), Australia and
the Department of Biotechnology (DBT), India. The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the

Competing Interests: The authors have declared that no competing interests exist.

Introduction

Hexachlorocyclohexane (HCH) consists of four main isomers
(0-, B-, v- and 6-HCH), all of which are highly toxic to vertebrates
and one of which (y-HCHj; lindane) is a potent insecticide [1].
Toxicity concerns have led to deregistration of lindane in many
countries, and large dumps of unused HCH now pose major
environmental hazards [2,3,4]. Bacterial strains have evolved to
degrade HCH, with the initial steps in their degradation of the o-,
v- and 8- isomers catalyzed by the enzyme LinA [2]. The crystal
structure of LinA shows that it shares a structural fold and an Asp-
His catalytic dyad with enzymes of the scytalone dehydratase
family [5,6]. LinA catalyses E2 elimination reactions at biaxial H-
Cl pairs of atoms in o-, y- and 6- HCH [2,7,8]. Seven naturally
occurring LinA variants have been identified (Table 1), which
differ in as many as 10% of their residues. However, little is known
of their functional differences other than that LinAlggga and
LinA2pgoa preferentially catalyze degradation of the (+)-a-HCH
and (—)-0-HCH enantiomers, respectively [2,9]. Here we report
the specific activities of all seven previously cloned /lind gene
variants towards o-, y- and 8-HCH and analyse how their
sequence differences contribute to differences in their activities.

@ PLoS ONE | www.plosone.org

Materials and Methods

Codon optimized /&nA genes for expression of all the variants in
E. coli were synthesized by Geneart AG, Regensburg Germany
(GenBank accession numbers HM447244-HM447250). The
synthetic /ind genes were PCR amplified with attB1, attB2 and
attB2-R2 primers (Table S1) and the amplicons were then cloned
into pPDONR201 and transferred to pDEST17 using the BP and
LR reactions, respectively, following the manufacturers’ instruc-
tions (Invitrogen, CA). The host E. coli BL21-AI™ (Invitrogen)
cells co-expressed chaperones from the plasmid pGro7 (Takara,
Japan).

The bacterial clones were cultured in 100 ml of LB at 28°C
[10]. When the culture reached an ODggg of 0.5, L~(+)-arabinose
was added to a final concentration of 2 g/L. Cells were harvested
after overnight incubation, washed with 10 mM imidazole buffer
(pH 7.5) and disrupted by 1x bugbuster (Novagen, Darmstadlt).
The lysate was centrifuged at 16,000 g for 20 min and the
supernatant was used to purify his-tagged proteins using NTA-
Ni** agarose (Qiagen, GmbH) following the manufacturers’
instructions. The purified protein was quantified using Nanodrop
(Thermo Scientific, DE). The purified enzyme was stored in
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(0.25 ¢f. 14.8 and 12.6, respectively). Thirdly, differences in the
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149-156 region between LinA2p904 and LinApgs.; also have large
effects on activity, with LinApgs.; being more active for all
isomers, but particularly for v-HCH (7 fold, ¢f. 2 fold for a-HCH).
Interestingly, this C-terminal variation is thought to result from
insertion of the IS6700 transposable element [2,13].

To investigate how the 110/111 sequence differences change
the isomer specificity, the FoldX force-field [12] was used to create
models of LinA,;.; and LinAlggos from the crystal structure of
LinA2ggoa (PDB ID: 3A76) [5] and to estimate the stabilizing/
destabilizing effects of these mutations (similar analysis could not
be carried out for the C-terminal differences because the structure
of that region is not well resolved). Fig. 1 shows that the reversal in
oa-HCH: y-HCH isomer specificities (5.2 ¢f. 0.25) on changing
from A110/A111 in LinA2ggps to T110/C111 in LinA.;_; is a
result of the A111C mutation, which is opposite the 3-position of
the HCH ring, the only position where o- and y-HCH differ. This
mutation will provide closer, more favourable contact with y-
HCH but generate some level of steric clash with o-HCH.
However, this Al11C change is predicted to be highly
destabilizing (AAG 0.75 kcal/monomer), whereas A110T appears
to provide a compensating, stabilizing effect (AAG -1.28 kcal/
monomer) by extending into a hydrophobic cavity at the trimer
interface. These mutations thus provide a clear example of the role
of stabilizing mutations (A110T) in allowing function-changing
mutations (A111C), which would otherwise result in aggregation of
the protein, to be tolerated [14].

All seven variants show the same broad isomer preferences as
described previously for the LinAyr9s enzyme (identical sequence
to LinA2gg0a above), i.e. high activity towards o- and y-HCH and
less activity towards 8-HCH [2,8,15,16]. Quantitatively, however,
there are large differences among the seven variants in their
absolute and relative activities (Table 1): a-HCH turnover varies
from 418 to 11267 min~ ', y-HCH turnover varies from 65 to
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11795 min ™" and the ratio (o:y) varies from 14.8 to 0.25. Similarly
-HCH activities show over 200 fold variation in absolute terms,
with values ranging from ~2 to 75% of the corresponding y-HCH
value in relative terms.

Suar et al. [9] have previously determined the enantioselectivity
of certain LinA variants for the (+) and (—) enantiomers of o-
HCH, finding LinAlggpa and LinA2pgoas have strong preferences
for (+)- and (—)-0-HCH, respectively. LinAlggpa and LinA2ggoa
are typical of the two main sequence groups in Table 1 and we can
now use the structure described by Okai et al. [5] to analyse how
the 18 amino acid differences between these sequences may
contribute to the enantioselectivity differences. To do this we
docked the two enantiomers in the active site based on the
transition state geometry of the elimination reaction [5]. The most
noticeable difference between the structures is that the positive
charge on R129, which is catalytically essential and provides
stabilising interactions with the leaving group in the transition state
for LinA2pgpa [5], is absent in LinAlggga, with L129 unable to
fulfil this role. The positively charged side chain of K20 is also
found in this region in LinA2pgp4 and may fulfil a similar, if less
critical, role that also cannot be replicated by Q20 in LinAlggga.
These findings are consistent with the leaving group changing
sides from the 2-position in LinA2 pgos to the 6-position in
LinAlggpa. Three other mutations in the second shell most likely
compensate for these mutations (A23G, D115N, F126L). Other
sequence differences account for changes in the position of the
axial groups in the ring: F68Y provides a H-bonding group at the
site of the axial leaving group in the 6-position, which will stabilize
the transition state; the C71T/L96C/T133M mutations reshape
the active site to account for the equatorial chlorine in the 5-
position of (—)-0-HCH being axial in (+)-0-HCH; and similarly,
the F113Y difference fills the space formed from the axial chlorine
at the 3-position of (—)-o-HCH changing to equatorial in (+)-0-

3 3

}f?}fﬂ “IN115

Figure 1. Effect of mutation and sequence differences in the LinA enzymes. The effect of the A111C mutation is shown in panels A and B,
illustrating that the cysteine residue will clash with the equatorial chlorine at the 4-position of (+)-a-HCH (4e), but provides complementary contacts
with y-HCH when the chlorine at the 4-position is axial (4a). Panels C and D show the effects of the sequence differences between LinA2ggps and
LinA1ggoa ON enantioselectivity, with (+)- and (—)-a-HCH docked in each active site. The important sequence differences in the LinA enzymes and

structural differences in the oa-HCH enantiomers are circled.
doi:10.1371/journal.pone.0025128.g001
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HCH. P153K might be involved in leaving group stabilization to
fulfil an analogous role to that which K20 and R129 perform in
L11’1A2 BI0A-

Our analysis suggests that a majority of the sequence variation
in the various /nd genes that have been isolated is not neutral, but
alters the enantio- and stereoselectivity of the encoded proteins.
Significantly, some organisms, for example Sphingobium indicum
BI90A and Pseudomonas aeruginosa ITRC5, have at least two copies of
the genes, in each case one from each of the two major sequence
groups, thus providing those organisms with enhanced substrate
ranges, covering o- and HCH as well as (+)-0- and (—)-o-HCH.
Notably, lnrAd has a different codon bias and G+C content than
other /in genes encoding subsequent steps in the HCH degradation
pathway [2], suggesting that it may be recently acquired. It will be
interesting to monitor ongoing evolution of the /&n system, and in
particular LinA, to see whether this recently emerged pathway
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