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Abstract

Haloalkane dehalogenases degrade halogenated compounds to corresponding alco-
hols by a hydrolytic mechanism. These enzymes are being intensively investigated as
model systems in experimental and in silico studies of enzyme mechanism and evolu-
tion, but also hold importance as useful biocatalysts for a number of biotechnological
applications. Haloalkane dehalogenases originate from various organisms including
bacteria (degraders, symbionts, or pathogens), eukaryotes, and archaea. Several mem-
bers of this enzyme family have been found in marine organisms. The marine environ-
ment represents a good source of enzymes with novel properties, because of its diverse
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living conditions. A number of novel dehalogenases isolated frommarine environments
show interesting characteristics such as high activity, unusually broad substrate speci-
ficity, stability, or selectivity. In this chapter, the overview of haloalkane dehalogenases
from marine organisms is presented and their characteristics are summarized to-
gether with an overview of the methods for their identification and biochemical
characterization.

1. INTRODUCTION

Haloalkane dehalogenases (EC 3.8.1.5, HLDs) belong to the large

group of structurally similar hydrolases that share common α/β hydrolase

fold with lipases, esterases, carboxypeptidases, and acetylcholinesterases

(Nardini & Dijkstra, 1999; Ollis et al., 1992). HLDs are globular proteins

consisting of the conserved main domain and flexible cap domain with

active site buried at their interface and connected to protein surface by access

tunnels (Damborsky, Chaloupkova, Pavlova, Chovancova, & Brezovsky,

2010).HLDs catalyze the conversionof chlorinated, brominated, and iodinated

aliphatic compounds containing monohalogenated sp3-hybridized carbon, to

corresponding alcohol, halide, and proton (Damborsky et al., 2001). Based

on a phylogenetic analysis, HLDs can be divided into three groups, denoted

as HLD-I, HLD-II, and HLD-III (Chovancova, Kosinski, Bujnicki, &

Damborsky, 2007). A considerable amount of information on the structural,

mechanistic, and kinetic level is known about the members of HLD-I and

HLD-II groups, in contrast with proteins from subfamily HLD-III for which

the tertiary structure is not available.

First HLDs were isolated from soil-growing bacteria (Keuning, Janssen, &

Witholt, 1985; Kulakova, Larkin, & Kulakov, 1997; Nagata et al., 1993), but

later have been found in symbiotic (Sato et al., 2005), marine (Hesseler et al.,

2011), or pathogenic bacteria (Hasan et al., 2011), archaea (Vanacek et al.,

2018), and eukaryotic organisms (Fortova et al., 2013). Genes encodingHLDs

are found in catabolic clusters of xenobiotic compounds in organohalogen-

degrading bacteria (Nagata,Miyauchi, & Takagi, 1999; Poelarends et al., 2000)

that are often associated with transposable elements and insertion sequences

(Janssen, Dinkla, Poelarends, & Terpstra, 2005; Poelarends, Kulakov, Larkin,

Van Hylckama Vlieg, & Janssen, 2000). However, biological function in other

organisms, evolutionary origins, and natural substrates are still unknown.

Due to their catalytic properties and broad substrate specificity, HLDs have

found utilization in bioremediation of groundwaters (Dvorak, Bidmanova,
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Damborsky, & Prokop, 2014; Stucki & Th€uer, 1995), decontamination of

warfare agents (Prokop, Oplustil, DeFrank, & Damborsky, 2006), prepa-

ration of optically pure building blocks for organic synthesis (Chaloupkova,

Prokop, Sato, Nagata, & Damborsky, 2011; Hasan et al., 2011; Prokop

et al., 2010; Westerbeek et al., 2011), biosensing of environmental pollutants

(Bidmanova, Chaloupkova, Damborsky, & Prokop, 2010; Bidmanova,

Damborsky, & Prokop, 2013; Campbell, M€uller, & Reardon, 2006), or

protein tagging for cell imaging and protein analysis (Ohana et al., 2009).

Structural and biochemical characterization and detailed analysis of novel

members of HLD family are crucial for the understanding of their structure–
function relationships. Feature comparisons of HLDs from organisms living

in diverse habitats allow analysis of their biological function and evolution-

ary origins. The marine environment accommodates organisms from all

living phyla that have their molecular machinery adapted to extraordinary

living conditions such as extreme pressures and temperatures, a high concen-

tration of salts, and limited or no access to oxygen and light. Proteins isolated

from such environment display interesting properties. Several members of

HLD family have been found in genomes of marine organisms and show

interesting properties such as high activity, enantioselectivity, stability,

and broad substrate specificity (Fortova et al., 2013; Gehret et al., 2012;

Hesseler et al., 2011; Jesenska et al., 2009; Li & Shao, 2014; Novak et al.,

2014; Tratsiak et al., 2013). Here, the overview of HLDs from marine

organisms is presented together with methods for their identification and

experimental characterization.

2. IDENTIFICATION OF HLDs FROM MARINE
ORGANISMS

Since the identification of the first HLD 33 years ago (Keuning et al.,

1985), 33 novel HLDs have been described and biochemically characterized.

The fact that 40% of new HLDs were found in marine organisms during

the last 8 years suggests the enormous potential of the marine environment

as a pool of genetic diversity. The biological role and evolutionary origins

of HLDs remain elusive, and although some working hypotheses have been

proposed, the discovery of novel variants and their characterization is needed

to provide experimental evidence. The following section gives an overview of

novel HLDs from marine organisms and approaches that have been used for

their identification.
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2.1 HLDs From Pollution-Degrading Microorganisms
Oil spills and industrial waste are the major sources of ocean and sea pollu-

tion and represent an enormous threat to marine organisms. Biodegradation

of anthropogenic compounds is carried out mostly by bacteria capable of

utilizing these substances as a sole source of carbon and energy via a special-

ized enzymatic pathway. Alcanivorax bacteria cannot utilize carbohydrates

and amino acids for their growth (Yakimov et al., 1998), but produce bio-

surfactants when grown on n-alkanes (Abraham,Meyer, & Yakimov, 1998).

These bacteria become predominant in crude oil-containing waters when

nitrogen and phosphorus are supplied (Kasai et al., 2002).

Analyses of a metabolic pathway for long-chain alkane degradation in

Alcanivorax dieseloleiB-5 (Liu& Shao, 2005) isolated from the oil-contaminated

surface water of Bohai sea revealed the important role of alkane hydroxylases

(Liu et al., 2011; Wang & Shao, 2014). The degrading activity of A. dieselolei

B-5 toward 1-chlorohexadecane was discovered in the surface waters of the

Arctic sea, and HLD-coding gene, dadB, was subsequently identified (Li &

Shao, 2014). Following protein expression and biochemical characterization

revealed that this enzyme possesses one of the highest overall activities toward

halogenated substrates of all previously characterized HLDs to date, which

makes it a suitable target for future protein engineering studies.

2.2 HLDs From Symbiotic Microorganisms
Apart from the anthropogenic origin, large numbers of organohalogen

compounds with interesting chemistry (peptides, polyketides, indoles, ter-

penes, phenols, etc.) are produced by marine algae, bacteria, sponges, gorgo-

nians, bryophytes, cyanobacteria, fungi, and marine invertebrates (Agarwal

et al., 2017; Ahn et al., 2003; Gribble, 2015; Van Pee, 2001). These haloge-

nated organic compounds show a wide variety of biological activities:

antibacterial, antifungal, antiparasitic, antitumor, antiviral, antiinflammatory,

or antioxidant and thus have a great biotechnological value (Gribble, 2015;

Van Pee & Unversucht, 2003).

Although a large number of marine halometabolites have been identified,

rather little is known about their biological function. It was suggested that they

play a role in the chemical defense of marine organisms and function as an

antifouling agent against consumers and pathogens (Ahn et al., 2003; Cabrita,

Vale, & Rauter, 2010; K€onig & Wright, 1997; Lane et al., 2009). Recently,

different signaling roles of halogenated compound tetrabromopyrrole

between bacteria and corals were described, suggesting a potential role of
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halogenated compounds in interspecies communication (Sneed, Sharp,

Ritchie, & Paul, 2014).

The microorganisms living in a symbiosis with organohalogen-

producing organisms may use dehalogenase enzymes to degrade some of

the toxic compounds. Recently, dehalogenase activity was confirmed in

members of Rhodobacteraceae family isolated from the surface of marine

sponge Hymeniacidon perlevis (Huang, Xin, Cao, & Zhang, 2011). Subse-

quently, genes encoding L-haloacid dehalogenase DehRhb and haloalkane

dehalogenase HanR have been isolated, cloned, and overexpressed in

Escherichia coli (Novak et al., 2014, 2013).

2.3 HLDs From Genomic Databases
Recent rapid development of sequencing technologies and high-throughput

screening assays enabled us to access the genetic information of marine micro-

organisms without cultivation. Novel enzymes catalyzing a wide range of

reactions were identified in marine microbial biomass isolated from diffe-

rent marine habitats by a combination of proteomic and genomic analysis

(Hårdeman & Sj€oling, 2007; Hu et al., 2010; Kennedy, Marchesi, &

Dobson, 2008). The gene codingHLDDmmA, originally annotated as CurN

(Chang et al., 2004), was identified in the cosmid library developed from the

field isolate Moorea producens (Engene et al., 2012). Originally, DmmA was

presumed to be a final gene product of the curacin A biosynthetic gene cluster

of this marine cyanobacterium. However, attempts to amplify the gene from

M. producens genome were unsuccessful and the origin of dmmA gene remains

unknown. It is speculated that the origin may be symbiont or associated

bacterium and the natural function of Dmma is to dehalogenase molecules

produced by M. producens (Gehret et al., 2012).

Next-generation sequencing technologies enable rapid collection of

genome sequences that represent a gold mine for the discovery of novel pro-

teins. The number of sequences deposited to GenBank database surpassed

200 million in April 2017 (Clark, Karsch-Mizrachi, Lipman, Ostell, &

Sayers, 2016). Mining of metagenome and genome databases has proven

an invaluable method for the discovery of novel nitrilases (Gong et al.,

2013), halohydrin dehalogenases (Koopmeiners, Halmschlag, Schallmey, &

Schallmey, 2016; Schallmey, Koopmeiners,Wells,Wardenga, & Schallmey,

2014), transaminases (Guo & Berglund, 2017), and endoglucanases (Qiu

et al., 2011). Of special interest are enzymes from microorganisms which

thrive in extreme environments and have their metabolic function and

molecular machinery adapted to their natural habitat.
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The genes coding for HLDs were identified in the genome of marine

organisms: dhcA from halophilic γ-proteobacteria Hahella chejuensis KCTC

2396 (Lee et al., 2001), drbA from aerobic and heterotrophic member of

Planctomycetales order Rhodopirellula baltica SH1 (Glockner et al., 2003;

Jesenska et al., 2009), dppA from myxobacterium Plesiocystis pacifica SIR-1

(Hesseler et al., 2011; Iizuka et al., 2003), dmxA from psychrophilic

Marinobacter sp. ELB17 (Tratsiak et al., 2013), and dspA from sea urchin Stron-

gylocentrotus purpuratus, which is the first HLD of eukaryotic origin (Fortova

et al., 2013).Moreover, four genes of novel HLDs from the extreme environ-

ment, dmsaA from halophileMarinobacter santoriniensisNKSG1, dpaA and dpaB

from psychrophilic halophile Paraglaciecola agarilytica NO2, and dpgA from

psychrophilic γ-proteobacteriumNOR5-3, have been identified and charac-

terized using a combination of bioinformatics tools and automated laboratory

screening techniques (Vanacek et al., 2018).

2.4 HLDs From Metagenomic Libraries
The marine environment represents a perfect target for the search of novel

enzymes, because of the diverse living conditions that various organisms

can inhabit. For example,mining ofmetagenomic libraries from extreme hab-

itats led to the discovery of novel esterases with no significant amino acid

sequence similarity to any currently known esterases (Ferrer, Beloqui,

Timmis, & Golyshin, 2008). Metagenomics has emerged as a useful technol-

ogy that overcomes a difficulty with a very low percentage of cultivatable

marine microorganisms. This approach has recently been successfully used

for identification of two novel HLDs in samples from groundwater in indus-

trial areas (Kotik,Vanacek, Kunka, Prokop,&Damborsky, 2017). Such results

support the idea of its use for identification of HLDs in marine sediments,

polluted water areas, or microbial consortia associated with marine sponges

or coral reefs, with a high occurrence of natural organohalogen compounds.

Despite indisputable advances in the field, there are still many challenges

that need to be overcome. Development of high-throughput screening

methods and synthesis of chromogenic or fluorogenic substrates for the detec-

tion of enzymes are a necessity to increase a success rate of function-based

metagenomic screens. Novel lab-on-a-chip technologies can significantly

accelerate such a functional screening which is significantly lagging behind

sequencing. Moreover, the large amount of data generated by metagenomics

and other sequencing projects needs to be deposited in knowledge bases

with proper annotation. Automated and robust bioinformatics pipelines need

to be developed to extract the relevant information from these databases

(DeCastro, Rodrı́guez-Belmonte, & González-Siso, 2016).
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3. CHARACTERISTICS OF MARINE HLDs

HLD enzymes identified in the marine environment have been sub-

jected to extensive biochemical and biophysical characterization (Table 1).

Their properties, including specific activity, kinetic parameters, enantio-

selectivity, and stability, will be discussed in this section.

3.1 Specific Activity
Marine HLDs show a broad range of substrate specificities similar to other

characterized HLDs (Table 1). The overall activity of marine HLDs with the

set of 30 halogenated substrates (Table 2) ranges between 0.1 and

400nmol s�1 mg�1 of protein with preference for brominated and iodinated

substrates over the chlorinated compounds. Additionally, the activity of

DmmA, DppA, and DadB was assayed and detected toward halogenated

compounds outside the panel of most commonly tested substrates

(Buryska et al., 2018; Daniel, Buryska, Prokop, Damborsky, &

Brezovsky, 2014; Hesseler et al., 2011; Li et al., 2014).

High specific activity has been recently reported for DadB from

A. dieselolei B-5 (Li et al., 2014). DadB shows broad substrate specificity

and can degrade all 30 representative substrates (Table 2) except for

chlorocyclohexane. It prefers short (C2–C3) and brominated substrates over

their iodinated and chlorinated counterparts, but can convert even com-

pounds with longer chain lengths (C4–C14). The activity of DadB with

iodinated substrates is lower than DbjA and LinB, while its activity toward

brominated substrates is generally higher than for five other representative

members of HLD group—DhaA, LinB, DhlA, DbjA, and DmbA (Li

et al., 2014).

Unusually broad substrate specificity has been reported forDmmA(Buryska

et al., 2018). DmmAconverts all but 1 of the 30 typical substrates.DmmA is the

only enzyme that can convert all poorly degradable chlorinated environmental

pollutants, 1,2-dichloroethane, 1,2-dichloropropane, 1,2,3-trichloropropane,

chlorocyclohexane, and (bromomethyl)cyclohexane. Moreover, it is active

toward newly identified halogenated substrates with novel structural motives

(Buryska et al., 2018; Daniel et al., 2014) and can catalyze the complete

conversion of 1,2-dibromoethane and 1,2,3-tribromopropane to ethylene

glycol and glycerol, respectively. These features make DmmA a promising

enzyme for various applications in the field of biodegradation (Buryska

et al., 2018).
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Table 1 Overview of HLDs From Marine Organisms and Their Biochemical Properties
DadB DppA HanR DrbA DmmA DspA DmxA DhcA DmsaA DgpA DpaA DpaB

Occurrence

Source organism

Alcanivorax

dieselolei

B-5

Plesiocystis

pacifica

SIR-1

Rhodobacteraceae

species

Rhodopirellula

baltica SH1 Unknown

Strongylocentrotus

purpuratus

Marinobacter

sp. ELB17

Hahella

chejuensis

KCTC 2396

Marinobacter

santoriniensis

NKSG1

γ-Proteobacterium
NOR5-3

Paraglaciecola

agarilytica NO2

Paraglaciecola

agarilytica

NO2

Evolution

Subfamily II I II III II II II III I I I I

Catalytic efficiency

Km range (mM) 0.8–15.1 0.8–45.2 0.06 0.4–2.3 0.9 0.03–0.8 1.75 1.61 3.7 1.49

kcat range (s
–1) 1.2–34.3 0.4–9.9 0.13 0.2–1.8 1.6 1.9–2.6 0.17 0.04 0.06 0.09

kcat/Km range

(s–1mM–1)

0.2–16.4 0.1–4.0 2 0.5–1.3 1.8 2.4-88.1 0.1 0.02 0.02 0.06

Activity and specificity

Overall activity *** * * * * * * * ** * * **

Chlorinated

substrates

** x ** * * * ** x * * * *

Brominated

substrates

*** *** ** * * * ** *** ** ** ** **

Iodinated

substrates

*** * * * ** *** * ** ** **

Poor substrates ** x * x *** * * * * * * *

Enantioselectivity

α-Bromoesters ** x *** * x *** ***

β-Bromoalkanes x * * x x * x
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Stability

Predicted pI 5.2 4.9 4.9 7.1 5.4 6.4 5.5 6.1 6.5 4.6 4.6 5.2

pH profile

maximum

8 8–9 9.2 8.7 7–9 8.9 8 8.8

Temp. profile

maximum (°C)
50 30–37 50 40 55 25 25 25

Apparent

melting

temp. (°C)

39.4 49.1 44.2 65.9 54.6 51.4 36.6 38.2 37.3

Structural information

Predicted Mw

(kDa)

33.2 32.5 32.8 36.3 33.3 35.5 34.1 34.8 33.6 37.2 34.3 33.7

Units in

quaternary

structure

1 1 1 ∞ 1, 2 1, 2 1, 2 ∞ ∞ 1 2 1

References

Original

publication

Li et al.

(2014)

Hesseler

et al.

(2011)

Novak et al.

(2014)

Jesenska et al.

(2009)

Gehret et al.

(2012) and

Buryska,

Babkova,

Vavra,

Damborsky,

and Prokop

(2018)

Fortova et al.

(2013)

Tratsiak

et al. (2013)

and Chrast

et al. (2018)

Unpublished

data

Vanacek et al.

(2018)

Asterisks depict qualitative measure of activity or enantioselectivity (the higher number refers to higher activity/selectivity), x—not active or nonselective, empty field—data not available,∞—high-order multimeric structure. Overall activity was estimated from the specific

activities toward 30 selected substrates (Koudelakova et al., 2011) with the exception of HanR, for which only a semiquantitative evaluation was done based on the available data. Poor substrates were selected based on the authors’ review (Koudelakova et al., 2011). The

isoelectric points (pI) and molecular weights (Mw) were predicted from the sequence using ExPASy server (Gasteiger et al., 2003). Apparent melting temperatures were determined from circular dichroism data as the midpoints of temperature transitions.
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Table 2 Physicochemical Properties of 30 Halogenated Substrates Selected for
Determination of Substrate Specificity Profiles

No. Substrate
Mw

(g/mol)

Vapor
Pressure
(kPa)

Solubility
(mM)

Log P
(Octanol/
Water)

1 1-Chlorobutane 93 33.66 11.9 2.6

2 1-Chlorohexane 121 1.25 0.8 3.6

3 1-Bromobutane 137 5.60 6.3 2.7

4 1-Bromohexane 165 0.52 0.2 3.8

5 1-Iodopropane 170 5.75 6.3(20°C) 2.6

6 1-Iodobutane 184 1.85 1.1(20°C) 3.1

7 1-Iodohexane 212 0.19 0.1* 4.2

8 1.2-Dichloroethane 99 26.29 86.9 1.5

9 1,3-Dichloropropane 113 2.43 24.3 2.0

10 1,5-Dichloropentane 141 0.16 0.9 2.8

11 1,2-Dibromoethane 188 1.60 20.8 2.1

12 1,3-Dibromopropane 202 0.18 8.4(20°C) 2.6

13 l-Bromo-3-chloropropane 157 0.85 14.2 2.2

14 1,3-Diiodopropane 296 0.06* 0.1* 3.0

15 2-Iodobutane 184 2.28 1.1(18°C) 2.9

16 1,2-Dichloropropane 113 17.76 24.8 2.0

17 1,2-Dibromopropane 202 1.05 7.1 2.4

18 2-Bromo-1-chloropropane 157 5.70* 14.2 2.0

19 1,2,3-Trichloropropane 147 0.40 11.9 2.0

20 Bis(2-chlorethyl)ether 109 3.61* 147.5* 1.1

21 Chlorocyclohexane 119 0.90 4.2 3.0

22 Bromocyclohexane 163 0.33* 5.1 3.2

23 l-(Bromomethyl)cyclohexane 177 0.18* 0.1* 3.7

24 l-Bromo-2-chloroethane 143 4.41 48.1 1.6

25 Chlorocyclopentane 105 2.72* 3.9* 2.5
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DrbA from R. baltica SH1 (Jesenska et al., 2009) and DhcA from

H. chejuensis KCTC 2396 (unpublished results) show very low activity

toward the typical set of HLD substrates. They belong to the HLD-III sub-

family that comprises of proteins having a unique catalytic pentad D-H-D

+W-N (Chovancova et al., 2007). Enzymes from this group are produced

in low amount, form large oligomeric structures, and display several orders

of magnitude lower activity toward typical HLD substrates. No experimen-

tal structures of these enzymes are currently available.

3.2 Steady-State Kinetics
The catalytic efficiency of marine dehalogenases shows no significant devi-

ation from other characterized HLDs (Kokkonen, Koudelakova,

Chaloupkova, Prokop, & Damborsky, 2017). The Michaelis–Menten con-

stant KM for various halogenated substrates ranges between 0.03 and 45mM

(HLDs: 0.005–48mM) and the catalytic constant kcat is from 0.02 to 34 s�1

(HLDs: 0.02–40 s�1).

DmxA from the psychrophilic bacteriumMarinobacter sp. ELB17 displays

the highest catalytic efficiency of all HLDs found in the marine environment

with kcat/KM ¼88.1 s�1 mM�1 with 1,3-dibromopropane (Chrast et al.,

2018). The kinetic mechanism of DmxA with 1,3-dibromopropane is

Table 2 Physicochemical Properties of 30 Halogenated Substrates Selected for
Determination of Substrate Specificity Profiles—cont’d

No. Substrate
Mw

(g/mol)

Vapor
Pressure
(kPa)

Solubility
(mM)

Log P
(Octanol/
Water)

26 4-Bromobutyronitrile 148 0.04* 27.9* 0.9

27 1,2,3-Tribromopropane 281 0.02* 0.2* 3.3

28 l,2-Dibromo-3-chloropropane 236 0.08(20°C) 5.2(20°C) 2.7

29 3-Chloro-2-methylprop-l-ene 91 13.60(20°C) 15.5 2.2

30 2,3-Dichloroprop-l-ene 111 8.16 19.4 2.2

Vapor pressure is related to the compound volatility (higher value means more volatile). Log P is a par-
tition coefficient of the compound between water and octanol and quantifies polarity of compound (pos-
itive values—hydrophobic, negative values—hydrophilic). All the values were taken from ChemSpider
(http://www.chemspider.com/). The values were measured at 25°C unless stated otherwise. Values
denoted by the asterisk (*) were estimated using Antoine and Grain equation or calculated from the par-
tition coefficient for vapor pressure and solubility, respectively. The set of compounds was selected using
the multivariate statistical design (Koudelakova et al., 2011).
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complex and involves positive cooperativity and partial substrate inhibition.

Interestingly, mutation of the unique halide-stabilizing Q40 to conventional

N, which is typical for members of HLD-II group (Chovancova et al.,

2007), resulted in the 12-times increased kcat. Moreover, this mutation

diminished the cooperativity of DmxA conversion of 1,3-dibromopropane

and lowered the effect of substrate inhibition (Chrast et al., 2018).

The steady-state kinetics of DadB from A. dieselolei B-5 reflects its high

specific activity. DadB has a low affinity (0.8–15mM), but high catalytic

constant around 20s�1 on average for short brominated substrates (Li et al.,

2014), with the highest catalytic efficiency toward 1,3-dibromopropane

(kcat/KM ¼16.4 s�1 mM�1). Surprisingly, DadB prefers short brominated

substrates which are not typical for other HLDs with a large active site

and/or wide access tunnel. Due to its unusual properties, DadB represents

a good model system for studying structure–function relationships of HLDs

as well as a good target for protein engineering studies.

HLDDmmA isolated frommarine consortium has widely opened access

pathways and large active site cavity that most likely explains its broad sub-

strate specificity, unique among the HLDs (Buryska et al., 2018). In contrast

to DadB, it can bind and convert longer substrates, even though with low

efficiency (kcat/KM ¼0.45–1.3 s�1 mM�1). It also converts unusual bulky

substrates with several aromatic rings (Daniel et al., 2014). The different cat-

alytic properties of DmmA as compared to DadB, which also possesses a

large active site cavity, could be the absence of tunnel bottleneck, making

the active site of DmmA readily accessible to a wide spectrum of diverse sub-

strates (Buryska et al., 2018). Protein engineering studies of HLDs have

demonstrated that opening of the active site promotes the accessibility of

substrate molecules, but in the cost of lowered catalytic efficiency

(Brezovsky et al., 2016; Pavlova et al., 2009).

Several of the newly discovered HLDs from marine environment show

useful kinetic properties, such as high affinities toward substrates or turnover

numbers. Rational mutagenesis followed by kinetic analysis might reveal the

molecular basis behind their activities. Natural HLDs usually exhibit only a

moderate catalytic efficiency in 104–105 M�1 s�1 range with their best sub-

strates and significantly lower for environmental pollutants such as 1,2,3-

trichloropropane, e.g., 40 M�1 s�1 for DhaA (Koudelakova, Bidmanova,

et al., 2013). Improvement of the HLD catalytic efficiency by protein engi-

neering has proven to be a valuable tool for obtaining efficient catalysts for

biotechnological applications (Dvorak, Bidmanova, et al., 2014; Dvorak,

Kurumbang, et al., 2014; Pavlova et al., 2009).
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3.3 Enantioselectivity
The production of enantiopure compounds has become an expanding

area of research, especially for pharmaceutical, agrochemical, and food addi-

tive industries, where high enantiomeric purities are required (Kokkonen

et al., 2017). Several well-characterized HLDs, namely DhaA, LinB,

Dbja, DatA, DpcA, and DbeA, have shown high magnitude of chiral recog-

nition (E-value>200) for α-brominated esters (Chaloupkova et al., 2014;

Drienovska, Chovancova, Koudelakova, Damborsky, & Chaloupkova,

2012; Hasan et al., 2011; Prokop et al., 2010). The same high level of

enantioselectivity toward α-bromoamides was found for DbjA, LinB, DhaA,

and its engineered variant DhaA31 (Westerbeek et al., 2011). DbeA, DatA,

and DbjA also exhibit high enantioselectivity toward selected β-brominated

alkanes (Chaloupkova et al., 2014; Hasan et al., 2011; Prokop et al., 2010).

Excellent enantioselectivity (E-value>200) toward a racemicmixture of

ethyl 2-bromopropionate was measured for marine dehalogenases DmxA

(Chrast et al., 2018), DpaA, and DpaB (Vanacek et al., 2018), while consid-

erably high enantioselectivity (E-value¼106) was observed for DmmA

(Buryska et al., 2018). DpaA and DmxA exhibit enantioselectivity toward

2-bromopentane with E-values 85 and 100, respectively (Chrast et al.,

2018; Vanacek et al., 2018). The only other marine HLD that shows

enantioselectivity toward racemic mixtures of β-bromoalkanes, namely

2-bromobutane and 2-bromopentane with E-values 52 and 29, is DspA

from S. purpuratus (Fortova et al., 2013). All enantioselective HLDs tested

so far exhibit the preference for (R)-brominated substrates (Koudelakova,

Bidmanova, et al., 2013).

Precisemodulation of an enzyme structure for enhanced enantioselectivity

represents one of themost important and difficult tasks of protein engineering.

A recent study showing two distinct mechanisms of enantioselectivity of

two HLDs corroborates the complexity of molecular recognition (Liskova

et al., 2017).

3.4 Structure and Stability
3.4.1 Analysis of Crystal Structures
Structures of four HLDs from the marine environment, namely DmmA

(PDB ID: 3U1T (Gehret et al., 2012)), DppA (PDB ID: 2XT0 (Hesseler

et al., 2011)), HanR (PDB IDs: 4BRZ, 4C6H (Novak et al., 2014)), and

DmxA (unpublished results), have been determined by X-ray crystallogra-

phy. Structures are composed of an α/β-hydrolase main domain and the
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helical cap domain, with active site cavity located at their interface (Janssen,

2004). The size of the active site cavity and entry tunnels connecting it with

the enzyme surface play role in the substrate specificity (Koudelakova et al.,

2011) and enantioselectivity (Prokop et al., 2010).

The analysis of DmmA structure revealed a wide tunnel opening and the

large active site cavity compared to other HLD homologues (Fig. 1) (Gehret

et al., 2012). These structural features determine its broad substrate specific-

ity and capability of utilizing large and bulky substrates (Buryska et al., 2018).

The differences in substrate preference between highly similar enzymes from

HLD-II group were resolved by the comparison of their substrate binding

pockets. Substitution of I138 and M253 (LinB) to corresponding residues

R136 and V252 in HanR creates space to which substrates with longer

chains can be accommodated (Novak et al., 2014).

The inability of DppA to convert chlorinated substrates can be explained

using the comparison of its structure and sequence with DhlA, which has

50% sequence identity and is phylogenetically close to DppA. DhlA has two

short-sequence repeats at the N-terminal beginning of the cap domain, which

presumably evolved from a common HLD ancestor, and is responsible for

activity toward 1,2-dichloroethane (Janssen et al., 2005; Pikkemaat &

Janssen, 2002). The fact that DppA lacks these repeats agrees with the observa-

tion that DppA does not convert chlorinated substrates. Moreover, docking of

1-chlorobutane to the active site showed that the distance between chloride

and nucleophiles of the catalytic residues is high, which could be the reason

why this substrate is not converted and acts as a competitive inhibitor of the

DppA (Hesseler et al., 2011).

Fig. 1 Schematic view ofmarine HLDs access tunnels. (A) DmmA (green), (B) HanR (blue),
and (C) DppA (red). Tunnels connecting the buried active site with the enzyme surface
are depicted by black arrows. Active site of each enzyme is marked with a black star.
Note that two wide tunnels and open active site of DmmA form a groove on the
cross-section.
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3.4.2 Quaternary Structure
In general, HLDs can adopt various oligomeric states but mostly display

monomeric form. The exceptions are enzymes from HLD-III group that

form high-order multimeric structures (Jesenska et al., 2009), and DbjA,

for which the oligomeric state is pH dependent. DbjA can exist as a mono-

mer, a dimer, or a tetramer (Chaloupkova et al., 2011). A similar observation

has been made for marine dehalogenases. DspA exists as a dimer in the

absence of salt, but is predominantly monomeric in the presence of

0.15MNaCl (Fortova et al., 2013). DmmAwas shown to exist in a dynamic

equilibrium between monomer and dimer, with most of the protein mol-

ecules (�95%) forming dimers (Buryska et al., 2018; Gehret et al., 2012).

Finally, DmxA forms a dimer that is facilitated by a disulfide bridge between

surface-exposed C294 residues (Chrast et al., 2018).

3.4.3 Effects of pH, Temperature, and Solvents on Conformational
Stability

Marine HLDs display pH maxima between 7.8 and 9.5 with most retaining

activity in the broad range of pH (5–10), similar to other HLDs. Temper-

ature profiles of marine HLDs correlate with the preservation of their struc-

ture at a given temperature (Table 3). Generally, the gradual increase of

activity is observed with increasing temperature followed by a sudden drop

shortly after temperature optimum, corresponding to the depletion of native

conformation.

The apparent melting temperature of marine HLDs is between 37°C and

66°C and most of them are within the range of other HLDs (Kokkonen

et al., 2017). DmxA displays the highest apparent melting temperature of

all HLDs, which is surprising due to the psychrophilic nature of its native

organism. The extraordinary stability of the enzyme was owed to the very

narrow and closed active site access tunnels. Mutation Q40N and opening

the tunnel by mutating tunnel-gating residues M177 and F246 to smaller

alanine resulted in 11°C drop of apparent melting temperature, effectively

explaining the unusual stability of DmxA (Chrast et al., 2018).

The tolerance of HLDs to organic solvents is of great interest since the

hydrophobic substrates dissolve easily and their presence can even increase

the enzyme’s enantioselectivity (Stepankova, Damborsky, & Chaloupkova,

2013). The HLD efficiency is altered in the presence of organic solvents due

to changes of HLD conformation and flexibility, solvation of active site,

energetics of substrate desolvation, different orientation of substrate in the
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Table 3 Temperature and pH Profiles of Selected Marine HLDs

DpaA
DpaB
DgpA
DmsaA
DmxA
DmmA
DppA

DpaA
DpaB
DgpA
DmsaA
DmxA
DmmA
DppA
DadB

pH Profile
5 6 7 8 9 10

Temperature Profile (°C)
10 20 30 40 50

Conditions for each measurement differ between individual HLDs and can be found in the respective publications.

Data adapted from Vanacek, P., Sebestova, E., Babkova, P., Bidmanova, S., Daniel, L., Dvorak, P., et al. (2018). Exploration of enzyme diversity by integrating
bioinformatics with expression analysis and biochemical characterization. ACS Catalysis, 8(3), 2402–2412; Chrast, L., Tratsiak, K., Daniel, L., Sebestova, E.,
Prudnikova, T., Brezovsky, J., et al. (2018). Structural basis of paradoxically thermostable dehalogenase from psychrophilic bacterium. 1–38 (under review);
Buryska, T., Babkova, P., Vavra, O., Damborsky, J., & Prokop, Z. (2018). A haloalkane dehalogenase from a marine microbial consortium possessing exceptionally
broad substrate specificity.Applied and Environmental Microbiology, 1–32; Hesseler,M., Bogdanovic, X., Hidalgo, A., Berenguer, J., Palm, G. J., Hinrichs,W., et al. (2011).
Cloning, functional expression, biochemical characterization, and structural analysis of a haloalkane dehalogenase from Plesiocystis pacifica SIR-1. Applied Microbiology
and Biotechnology, 91(4), 1049–1060. https://doi.org/10.1007/s00253-011-3328-x and Li, A., Shao, Z. (2014). Biochemical characterization of a haloalkane dehalo-
genase DadB from Alcanivorax dieselolei B-5, PLOS ONE, 9(2), e89144. https://doi.org/10.1371/journal.pone.0089144.
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active site, and competitive inhibition by the organic solvent molecules

(Stepankova, Khabiri, et al., 2013).

Tolerance of marine DmmA toward acetone, dimethyl sulfoxide

(DMSO), and methanol was assayed by monitoring changes in apparent

melting temperature and activity with increasing concentration of these

solvents. The enzyme is structurally tolerant to 50%, 10%, and 20% (v/v)

concentrations of DMSO, acetone, and methanol, respectively. The results

from the steady-state kinetics of DmmA with 4-bromobutyronitrile in the

presence of these cosolvents suggest that the cosolvent binds into the active

site and competes with the substrate (Buryska et al., 2018).

Several HLDs identified in the marine environment can tolerate broad

pH conditions, the presence of organic cosolvents, and have exceptionally

high thermal stability. The identification of biocatalysts with such interesting

structural properties comes as no surprise, considering the diversity of the

marine environment. Their further exploration together with protein engi-

neering will hopefully lead to more stable biocatalysts that will be widely

applicable.

4. EXPERIMENTAL CHARACTERIZATION OF HLDs

HLDs have been studied for more than 30 years and belong to one

of the best-characterized enzyme families. Their biophysical properties,

structure–function relationships, and biotechnological applications have been

covered by recent comprehensive reviews (Janssen, 2004; Kokkonen et al.,

2017; Koudelakova, Bidmanova, et al., 2013; Koudelakova, Chaloupkova,

et al., 2013; Nagata, Ohtsubo, & Tsuda, 2015). The following section gives

an overview of methods that are used for analysis of biochemical and bio-

physical properties of HLDs.

4.1 Expression and Purification
HLDs are routinely expressed in a soluble and active form inE. coliBL21(DE3)

strain from pET-based vectors (pET21a,b, pET22b, pET24a, pETM11)

inducible by isopropyl-β-D-1-thiogalactopyranoside. Codon optimization

for E. coli generally results in higher yields. Target proteins are purified using

metal affinity chromatography using immobilized Ni2+ or Co2+, and six his-

tidines commonly attached to the C-terminus. DmmA is expressed using

pET24a where the His-tag is positioned on N-terminus (Buryska et al.,

2018). The presence of His-tag does not show a significant effect on activity
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or stability, and therefore, there is no need to cleave it from the purified pro-

tein. In most cases, one-step metalloaffinity purification is sufficient for high

purity (>90%–95%) and good yields (60–280mg of protein from 1L of bac-

terial culture grown in LB media). These amounts are sufficient for standard

biochemical and biophysical assays. Additional purification step using ion-

exchange or size-exclusion chromatography may be carried out when purity

after the first purification is low and is recommended when the downstream

application requires highly pure and homogenous sample, e.g., for protein

crystallization.

The obvious exception is HLD-III subgroup (Chovancova et al., 2007).

These proteins, namely DrbA, DmbC (Jesenska et al., 2009), DmrB

(Fung et al., 2015), DhmeA (Vanacek et al., 2018), and DhcA (unpublished

results) display low solubility, poor yields, and low purity. Currently, sev-

eral strategies are being employed to increase yield and obtain homoge-

neous proteins: (i) variation of expression strains, (ii) different cultivation

media, (iii) purification conditions, and (iv) different purification tags.

The optimization of HLD-III expression and purification protocols is

challenging, but is essential for the determination of their tertiary struc-

tures by X-ray crystallography and quaternary structure by cryoelectron

microscopy.

4.2 Specific Activity
HLDs possess broad substrate specificity, with more than 100 halo-

genated compounds reported as substrates (Nagata et al., 2015), including

monochlorinated, brominated, and iodinated n-alkanes, multihaloge-

nated n-alkanes, haloalkenes, haloalcohols, halohydrins, cyclohaloalkanes,

haloethers, haloesters, haloacetamides, and haloacetonitriles (Damborsky

et al., 2001). A classification system that divides HLDs into 4 substrate

specificity groups based on their activity with 30 representative substrates

has been proposed by Koudelakova et al. (2011). Some of these com-

pounds are highly toxic, corrosive, volatile, and poorly soluble in water

(Table 2). Five halogenated compounds, 1-bromobutane, 1-iodopropane,

1-iodobutane, 1,2-dibromoethane, and 4-bromobutyronitrile, were

identified as universal substrates applicable for the screening of HLD activ-

ity. 1,2-Dichloroethane, 1,2-dichloropropane, 1,2,3-trichloropropane,

chlorocyclohexane, and (bromomethyl)cyclohexane, on the other

hand, are considered poor substrates, and biocatalysts capable of their deg-

radation are of special interest (Koudelakova et al., 2011).
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The hydrolysis of halogenated compounds by HLDs yields a

corresponding alcohol, a halide ion, and a proton, and all three products

are used for the activity detection. A spectrophotometric detection of halides

described by Iwasaki, Utsumi, and Ozawa (1952) and later modified by Zall,

Fisher, and Garner (1956) and Bergmann and Sanik (1957) is widely used for

monitoring halide release during dehalogenase reactions (Keuning et al.,

1985). Other methods for halide detection include capillary electrophoresis

(Glatz, Marini, Wimmerova, Damborsky, & Nagata, 2000), ion-specific

electrodes (Janssen et al., 1988), and fluorescence quenching (Marchesi,

2003). Change in pH during the enzymatic reaction can be monitored by

absorbance-based (Holloway, Trevors, & Lee, 1998; Zhao, 2003) or

fluorescence-based (Bidmanova et al., 2010) indicators. The precise mea-

surement of substrate or alcohol product, which enables kinetic and

enantioselectivity measurements, is carried out using gas chromatography

(GC) coupled with a mass spectrometer (Curragh et al, 1994), an electron

capture detector (Arbon & Grimsrud, 1990), or a flame ionization detector

(Schanstra, Kingma, & Janssen, 1996). Additionally, conversion of an alco-

hol product to aldehyde and hydrogen peroxide by alcohol oxidase and

subsequent detection of hydrogen peroxide via horseradish peroxidase-

catalyzed oxidation of a chromogenic substrate have also been used for

the detection of dehalogenase activity (Fabritz et al., 2012). Finally, several

fluorogenic substrates of HLDs have been discovered and synthesized for

detection of dehalogenase activity in high-throughput screening assays,

but further optimization and testing must be done before their broader uti-

lization is possible (unpublished data). In this section, three main methods

for determination of HLD activity are described: (i) colorimetric assay,

(ii) gas chromatography assay, and (iii) pH assay.

4.2.1 Colorimetric Assay
The colorimetric assay based on spectrophotometric detection of halides is

routinely used for measurement of HLD activity and substrate specificity

(Damborsky et al., 2001; Drienovska et al., 2012; Hasan et al., 2011;

Hesseler et al., 2011; Jesenska et al., 2002, 2009, 2005; Keuning et al.,

1985; Pavlova et al., 2009; Sato et al., 2005; Schanstra et al., 1996), temper-

ature and pH profiles (Jesenska et al., 2002, 2009, 2005), functional half-

lives at elevated temperatures (Gray et al., 2001), and effects of organic

solvents on HLD activity (Stepankova, Damborsky, et al., 2013;

Stepankova, Khabiri, et al., 2013; Stepankova, Vanacek, Damborsky, &

Chaloupkova, 2014).
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The disadvantage of this method is the use of highly toxic reactants and

corrosive chemicals (e.g., nitric acid). Moreover, the assay is not suitable for

“online” monitoring of the reaction since it requires sampling and sample

preparation for the coupled chemical reaction producing the signal.

4.2.1.1 Principle
The assay is based on the displacement of thiocyanate from its salt by halide

ions and its subsequent detection by the formation of a colored complex

with iron(III) ions (Iwasaki et al., 1952) according to the following reaction

scheme:

4.2.1.2 Chemicals
• Detection solution I: 28.4mM Hg(SCN)2 in ethanol (>99%, HPLC

grade), filter 0.22 μm pore size

• Detection solution II: 0.56MNH4Fe(SO4)2 �12H2O in 21%HNO3, fil-

ter (0.22 μm pore size)

• Calibration solutions: 1 M solutions of NaCl, NaBr, and KI in deionized

H2O

• Reaction buffer (100mM glycine, pH 8.6)

• Enzyme solution

• Halogenated substrate

• Nitric acid (35%)

4.2.1.3 Material and Equipment
• Glass syringes (0.01, 0.5, and 1mL volumes)

• Shaking water bath with temperature control

• Gas-tight reaction flask with syringe access

• Microcentrifuge tubes

• 96-Well microplate

• Absorbance plate reader

4.2.1.4 Calibration
1. Prepare dilution series of each halide solution in 0–1mM range.
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2. Pipet 1mL of each solution to the microcentrifuge tubes containing

0.1mL of 35% HNO3, 0.1mL of detection solution I, and 0.2mL of

detection solution II, and mix thoroughly.

3. Pipet 0.1mL of each solution into the microtiter plate (six replicates) and

measure absorbance at 460nm (AX).

4. Repeat steps 2 and 3 with 1mL of deionized water instead of the halide

solution (ABlank).

5. Construct the calibration curve by plotting the average absorbance

values corrected for background absorbance (AX–ABlank) vs concentra-

tion of halides (Fig. 2A).

6. Repeat the procedure for each halide.

4.2.1.5 Procedure
1. Inject 10μL of tested substrate into 10mL of reaction buffer in reaction

flask closed by gas-tight caps with syringe access.

2. Mix thoroughly and incubate in water shaking bath at reaction temper-

ature for 30min.

3. Prepare “enzyme blank” using 2.25mL of reaction buffer and 0.05mL

of enzyme solution ((Vreaction buffer – 1mL)/4+ Venz./4). Mix 1mL of

this buffer–enzyme solution with 0.1mL of 35% HNO3 in a microce-

ntrifuge tube (Benzyme).

4. Prepare “buffer blank” by mixing 1mL of the reaction buffer with

0.1mL of 35% HNO3 in a microcentrifuge tube (Bbuffer).

Fig. 2 Colorimetric assay for measurement of HLD activity. (A) Example of calibration
using NaBr. (B) Plot of halide concentration vs time. Slope of the plot divided by the
enzyme concentration provides a specific activity. Concentration of halides formed dur-
ing HLD reaction is calculated from the absorbance using the slope from a calibration
curve.
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5. Draw 1mL from the reaction mixture before adding the enzyme and

mix it with 0.1mL of 35% HNO3 in a microcentrifuge tube (B0).

6. Start reaction by adding 0.2mL of enzyme solution.

7. Withdraw 1mL of the reaction mixture periodically to microcentrifuge

tubes with 0.1mL of 35% HNO3 and mix thoroughly to terminate the

reaction. Sample the reaction at least six times.

8. Add 0.1mL of detection solution I and 0.2mL of detection solution II

to each microcentrifuge tube (including blanks) and mix thoroughly.

9. Pipet 0.1mL from each tube to the microtiter plate (eight replicates).

10. Measure the absorbance of each well at 460nm and calculate the aver-

age values.

11. Correct the absorbance value of each point during reaction for back-

ground absorbance (Aback. ¼ Aenzyme + A0 – Abuffer).

12. Recalculate the absorbance values from step 11 to product concentra-

tion using slope of the calibration curve of the analyzed halide (Fig. 2B).

13. Convert the specific activity to μmol s�1 mg�1 of protein.

4.2.1.6 Notes and Troubleshooting
• Avoid using reaction buffers containing halides or components that may

interfere with the assay (e.g., buffered saline solutions, Tris–HCl, etc.).

Check the possible interference of buffer components by preparing the

calibration curve in the reaction buffer. Glycine buffer (100mM, pH 8.6)

is commonly used for the measurement of specific HLD activity.

• Volumes can be adjusted according to the need. Nonetheless, the sub-

strate:buffer ratio should always be 1:1000.

• Enzyme concentration and reaction time must be adjusted so that the

response of released halides is in the range of the calibration curve.

• Correction for abiotic dehalogenation must be done in cases where

spontaneous hydrolysis of the substrate occurs.

4.2.2 Gas Chromatography Assay
Monitoring of substrate and/or product concentration during enzymatic

reaction is arguably the most accurate method how to analyze catalytic per-

formance of HLDs enabling evaluation of specific activity, kinetic, and/or

stereoselectivity (Bohac et al., 2002; Jesenska et al., 2005; Nagata et al., 2003,

2005; Oakley et al., 2002; Pieters, Lutje Spelberg, Kellogg, & Janssen, 2001).

The halogenated substrate and corresponding alcohol product are extracted

from the aliquots of the reaction mixture to organic solvent (e.g., diethyl

ether, hexane, acetone) containing an internal standard (ISTD, halogenated
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compound with similar analytical response to the analyte) to correct for the

loss of analyte during sample preparation or deviation caused by injection

procedure. Injected sample is vaporized and separated on gas chromatogra-

phy columns. Individual components are analyzed using flame-ionization,

electron-capture, or mass spectrometer detectors and subsequently quanti-

fied from calibration curve with internal standard. Alternatively, the analysis

can be carried out by direct injection of the aqueous reaction mixture (using

column resistant to aqueous samples) or by analysis of a mixture of the aque-

ous sample with organic cosolvent (e.g., methanol). The concentration of

substrates/products must be corrected for the abiotic hydrolysis of the sub-

strate measured in the reaction with the thermally inactivated enzyme or in

its complete absence.

4.2.2.1 Material and Equipment
• Organic solvent immiscible with water (hexane, diethyl ether, acetone);

HPLC grade

• Halogenated substrate

• An internal standard (a stable halogenated compoundwith similar instru-

mental response to the analyte)

• Enzyme solution (concentrationmust be optimizedwith respect to HLD

activity)

• Reaction buffer (mild alkaline buffers, e.g., glycine, Tris–HCl)

• Shaking water bath with temperature control

• Gas-tight reaction flask with syringe access

• GC vial (2mL volume) with a crimp cap

• Gas chromatograph equipped with flame-ionization, electron-capture,

or mass spectrometer detectors

• Glass syringes

4.2.2.2 Calibration
1. Prepare extraction solution by dissolving 100μL of internal standard

(ISTD; halogenated compound) in 100mLof organic solvent (e.g., diethyl

ether, hexane, acetone).

2. Dissolve 1μL of commercially available substrate (product) in 1mL of

the extraction solution.

3. Calculate the concentration of the substrate (product) in the extraction

solution using its molecular weight and density.

4. Make a serial dilution of substrate (product) solution from step 2 to the

extraction solution in 1:1 ratio (at least five concentrations).
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5. Inject 1μL of each calibration sample to the GC column with polar

phase.

6. Create a calibration curve by plotting the ratio of substrate (product) to

ISTD response vs substrate concentration.

7. Repeat procedure with all tested substrates (products).

4.2.2.3 Procedure
The reaction is carried out in the same experimental setup as described in the

protocol for colorimetric assay with following exceptions:

• Periodically withdraw 0.5-mL aliquots from the reaction mixture

during the reaction and mix with 0.5mL of extraction solution (used

for the preparation of calibration curves) to terminate the reaction.

Collect the samples to GC vials (with an insert if needed) enclosed by

a crimp cap.

• Inject 1μL of extraction solution to sample injector and separate

substrates, products, and ISTD on GC column.

• Calculate the concentration of substrate (product) at each time point

from the calibration curve.

• Subtract the abiotic control from the rate of the substrate/product

concentration.

• Quantify dehalogenation activity either as a rate of substrate decrease or

alcohol product formation in time (Fig. 3).

Fig. 3 Example of gas chromatogram from the measurement of HLD activity with a
halogenated substrate. As the reaction proceeds the amount of substrate is decreasing
and the corresponding alcohol product is formed.
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4.2.2.4 Notes and Troubleshooting
• This approach is also used for measurement of steady-state kinetics or

stereoselectivity of HLDs. For steady-state kinetics, the initial rates of

dehalogenation are measured at different substrate concentrations to

generate the Michaelis–Menten curve. For stereoselectivity analysis,

the conversion of a mixture of isomers is analyzed by using GC equipped

with a chiral column providing a separate detection for all involved

stereoisomers.

• The internal standard should have a similar signal as the analyte, while

distinguishable by the analytical method (1,2-dichloroethane is com-

monly used).

• All liquid handling steps can be automated by robotic autosamplers,

which allows performing sample preparation and analysis in a high-

throughput format.

4.2.3 pH Assay
The pH indicator assays (Holloway et al., 1998; Zhao, 2003) are quick and

easy and can be adapted for screening of HLD activity in whole cells or cell-

free extracts (D€orr et al., 2016; Jesenska, Sedlacek, & Damborsky, 2000;

Sharma et al., 2014), in directed evolution studies (Gray et al., 2001;

Pavlova et al., 2009; Tang, Li, & Wang, 2010), or in extensive characteri-

zation studies (Marvanova et al., 2001; Schindler et al., 1999).

The reaction is carried out in weak buffer (e.g., 1mM HEPES, 20mM

sodium sulfate, pH 8.2) containing phenol red (20μgmL�1). The substrate is

added in sufficient amount to ensure that the reaction proceeds in maximum

velocity and the reaction mixture is incubated for 30min in the gas-tight

flask. The assay mixture is distributed in equal amounts into the microtiter

plate wells, and the reaction is started by addition of enzyme (concentration

must be optimized for each enzyme–substrate reaction so that the resulting

change in absorbance is in the range of the calibration curve). The enzyme

must be dialyzed against reaction buffer prior the measurement. The

decrease of absorbance at 560nm is measured over time and the resulting

kinetic data are used for the quantification of the dehalogenase activity.

The enzymatic dehalogenation must be corrected for the abiotic substrate

hydrolysis that is measured in the same way with the temperature-

inactivated enzyme (Marvanova et al., 2001).

Different compounds sensitive to pH change have been used to monitor

dehalogenation by purified enzymes or in cells and cell-free extracts. Fluo-

rescence or absorbance indicators can be rapidly used in online assays
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involving microfluidics, on agar plates to distinguish between degrading and

nondegrading colonies (Loos, 1975; Zhao, 2003) or for detection of toxic

compounds in situ (Bidmanova et al., 2010, 2016). The disadvantage of

pH assays for determination of substrate specificity is buffer limitation and

use of “open” systems (microtiter plate) that can, however, be overcome

by using a lid with a hydrophobic coating to prevent evaporation of the

substrate.

4.2.4 Overview
The selection of a technique should always be made with respect to the

materials and equipment available in the laboratory, speed, and level of

information one needs to obtain from the measurement. An assay based

on a pH change is the most suitable for initial and fast screening of

dehalogenase activity. Gas chromatography must be used when the concen-

tration of substrates and products needs to be determined at low levels or

with high accuracy and MS detection if the identity of the product needs

to be determined. Iwasaki method is arguably the most universal and is rou-

tinely used for determination of activity, substrate specificity, monitoring of

functional half-life, as well as temperature and pH profiles (Damborsky et al.,

2001; Drienovska et al., 2012; Gray et al., 2001; Hasan et al., 2011; Hesseler

et al., 2011; Jesenska et al., 2002, 2009, 2005; Keuning et al., 1985; Pavlova

et al., 2009; Sato et al., 2005; Schanstra et al., 1996).

Currently, there are no suitable assays for screening large libraries of

HLD variants in cells or microfluidic droplets. The use of existing pH indi-

cators is often hindered by their physiochemical properties. Although fluo-

rescent indicator has been recently developed for monitoring environmental

pollutants in the environment (Bidmanova et al., 2016), its use in high-

throughput screening assay must be further optimized. Alternatively, the

discovery of fluorescent substrates that can be utilized by HLDs would be

beneficial for high-throughput screening projects aiming to either discover

new HLDs or improve properties of characterized HLDs by protein engi-

neering endeavors. Several potential fluorescent substrates have been iden-

tified using in silico screening, giving experimental grounds for their further

use in the experimental screening projects (Daniel et al., 2014).

4.3 Steady-State Kinetics
Although specific activities provide important information about the spec-

ificity of each enzyme, detailed kinetic characterization of enzyme reac-

tion and mechanism is crucial for the understanding of enzyme function.
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The kinetic analysis allows identification of reaction intermediates, determi-

nation of rate-limiting steps along the reaction pathway, and evaluation of

enzyme specificity and function based on the quantitative analysis of binding

energies and turnover numbers. The understanding of enzyme catalytic

mechanism on a molecular level is key to exploiting and harvesting natural

biocatalyst for biotechnological or medicinal purposes. The kinetic resolu-

tion of individual steps is possible using rapid stopped-flow or quench-flow

methods and obtained information can be subsequently used to enhance

desired enzymatic properties by protein engineering (Brezovsky et al.,

2016; Pavlova et al., 2009). However, the description of this method is

beyond the scope of this chapter and authors refer readers to Bosma,

Pikkemaat, Kingma, Dijk, and Janssen (2003), Prokop et al. (2003), and

Schanstra et al. (1996) for further reading on this topic.

The selection of a technique for determination of HLD steady-state

kinetic parameters is largely affected by chemical properties of the substrates.

Hydrophobicity, low solubility, and high volatility of these compounds are

major drawbacks that do not allow direct determination of their concentra-

tion by simple calculation and dilution. Instead, a precise analytical method

such as gas chromatography must be used for this purpose.

The standard steady-state kinetics are evaluated from the dependence of

the initial rates estimated at varying substrate concentrations using methods

described in a previous section (Bohac et al., 2002; Janssen et al., 1988;

Schindler et al., 1999). The substrate concentration needs to be significantly

higher than the enzyme concentration during measurement, so it can be

approximated to be constant. Moreover, it is important to quantify the rates

from the early stages of the reaction so that the rates of reverse reactions are

negligible.

The alternative to measurement of steady-state kinetic data by discontin-

uous initial rate estimation is the total conversion methods which calculate

an instantaneous differential rate at each time of progress conversion curve.

This method needs to count with significant effects of product inhibition

since all starting substrate is fully converted to the product during the analysis.

The progress curves can be recorded by numerous techniques mentioned

earlier (e.g., GC, spectrophotometry) or by using advanced methods like

isothermal titration calorimetry (ITC).

ITCmeasures the rate of heat change during the enzyme-catalyzed reac-

tion and is therefore universally applicable without the need of any spectro-

scopic requirements of the reactants, no chemical modifications or labeling,

coupling reaction, or an analytical method for separation and quantitation of
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products. An enzyme can be (i) titrated with increasing amounts of substrate,

while maintaining the pseudo-first-order conditions or (ii) the change in

thermal power upon single substrate injection can be continuously moni-

tored as the substrate is depleted by the enzyme. Both methods allow highly

precise kinetic characterization in a single experiment and can be used to

measure enzyme inhibition (Todd & Gomez, 2001). Since ITC represents

a promising universal technique for determination of steady-state kinetic

parameters of HLDs, a basic introduction and experimental procedures

are given in the following text.

4.3.1 Isothermal Titration Calorimetry
ITC is commonly used to characterize thermodynamics of macromolecule-

binding interactions and kinetics of enzyme-catalyzed reactions (Freyer &

Lewis, 2008). ITC enables the measurement of kinetic parameters of a wide

variety of enzymatic reactions without any modifications or labeling, pro-

viding that the reaction is associated with detectable heat change (modern

ITC measures heat effects as small as 0.1μcal and heat rates 0.1μcal s�1

(Freyer & Lewis, 2008)). This method is routinely used to characterize reac-

tion mechanism and catalytic efficiency of HLDs (Babkova, Sebestova,

Brezovsky, Chaloupkova, & Damborsky, 2017; Liskova et al., 2015;

Monincova, Prokop, Vevodova, Nagata, & Damborsky, 2007; Prokop

et al., 2003; Vanacek et al., 2018). Moreover, it proved to be an invaluable

tool for analysis of HLD inhibition kinetics (Buryska et al., 2016; Prokop

et al., 2003).

The amount of heat change during conversion of nmoles of the substrate

to product is equal to the product concentration multiplied by reaction vol-

ume (cell volume) and apparent enthalpy change of the reaction (ΔHr).

Moreover, the thermal response of ITC instrument is directly proportional

and can be recalculated to the rate of reaction. Enthalpy change of the reac-

tion is measured in a separate experiment with high concentration of

enzyme (approx. 10 times higher) and longer spacing between injections

to allow complete conversion of the injected substrate. The reaction heat

is calculated by dividing the area of the peak by the amount of substrate

(Hansen, Transtrum, Quinn, & Demarse, 2016).

Steady-state kinetics of HLDs with substrates that produce a low amount

of heat during their conversion to products or with poorly soluble substrates

(e.g., 1-bromobutane, 1-iodobutane, bromocyclohexane; see Table 1) must

be measured using a single injection mode. In this experimental setting, the

enzyme is injected into the cell containing substrate solution and complete
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conversion of the substrate is analyzed. The value of ΔHr is determined by

integration of the thermogram according to the following equation:

ΔHr ¼

Z ∞

t¼0

dQ

dt
dt

S½ �0Vcell

where dQ/dt is the reaction heat rate, [S]0 is the initial concentration of sub-

strate, and Vcell is the volume of the calorimetric cell. The estimation of

kinetic parameters in the single injection more involves more complex anal-

ysis. Extensive and detailed description of the analytical procedure can be

found elsewhere (Freyer & Lewis, 2008; Hansen et al., 2016).

Here, a protocol for measurement of the steady-state kinetics of hal-

oalkane dehalogenases by ITC using multi-injection mode is described.

For a comprehensive description of ITC theory, practice, and experimental

considerations, see the following relevant literature: Frasca (2016), Freyer

and Lewis (2008), and Todd and Gomez (2001).

4.3.1.1 Material and Equipment
• ITC instrument (cell and injector volumes in this protocol are based on

VP-ITC instrument, Malvern, UK)

• Glass syringe

• Reaction buffer (use buffer with low ionization enthalpy, e.g., glycine,

HEPES)

• Substrate solution (substrate dissolved in reaction buffer, ideally in the

same buffer which was used for enzyme dialysis)

• Enzyme solution (enzyme dialyzed against reaction buffer)

• Organic solvent immiscible with water containing ISTD (preparation is

described in the protocol for measurement of specific activity by GC)

4.3.1.2 Measurement of Apparent Enthalpy Change of the Reaction
1. Dissolve 10μL of substrate in 4mL of reaction buffer.

2. Fill the injector with 300μL of substrate solution.

3. Mix 0.5mL of the remaining substrate solution with 0.5mL of organic

solvent with ISTD.

4. Determine the concentration of the substrate using gas chromatography

as described in the protocol for measurement of specific activity by GC.

5. Fill the cell with 1.4mL of enzyme solution (see notes for details).
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6. Titrate enzyme to the cell in six consecutive 10μL injections. Set enough
spacing between the injections so that the whole reaction proceeds to

completion (depends on enzyme efficiency and concentration).

7. Divide the integrated heat from the injection by the amount of substrate

in the cell to determine ΔHr of the reaction. For further analysis, use an

average value of ΔHr calculated from at least three independent

injections.

8. Titrate the substrate solution to buffer with same parameters as in the

experiment to determine the heat of dilution.

9. Correct the data for the heat of dilution.

4.3.1.3 Multiple Titration Experiment
1. Fill the injector and cell with substrate and enzyme solution, respectively

(see steps 1–3 in the previous subsection).

2. Titrate the enzyme in the reaction cell by 26–30 injections of 5–10μL of

substrate solution in an injector with 2–3min spacing between individ-

ual injections (see troubleshooting for details).

3. Calculate the substrate concentration at each injection using the data

obtained by gas chromatography and respective cell and injection

volumes.

4. Calculate the rate of heat production for each step with respect to a base-

line extrapolated from data collected before the first injection occurred

(initial delay phase).

5. Divide the values from step 5 by the total enthalpy change of reaction

(from the previous experiment) to obtain reaction rates in mM s�1.

6. Fit the plot of reaction rates vs substrate concentration by a simple or

modified Michaelis–Menten function (including a possible substrate,

product inhibition, or cooperativity) by nonlinear regression to obtain

kinetic parameters (such as KM and kcat) for a given reaction (Fig. 4).

4.3.1.4 Notes and Troubleshooting
• Results largely depend on the protein and substrate concentration and it

is imperative that they are accurately determined and should be verified

using an analytical procedure. The enzyme concentration required for

the experiment can differ significantly for each enzyme–substrate pair

and must be optimized based on activity level and substrate solubility.

However, it should always be two or more orders of magnitude higher

for measurements of ΔHr than in multiple titration experiments.

30 Antonin Kunka et al.

ARTICLE IN PRESS



• Enzymes can slowly degrade in the cells during measurement which

results in a continuous decrease of the peak area of each consecutive

injection. In such cases, lower the reaction temperature or/and perform

more experiments with fresh enzyme and fewer injections to obtain a

more precise estimate of ΔHr.

• Buffer mismatch between enzyme and substrate can lead to artifacts cau-

sed by dilution heat induced during a mixing phase. The best solution is

to exhaustively dialyze the protein and prepare the substrate solution in

the resulting dialysate.

• The solubility of the substrate can be increased by the addition of DMSO

(10%, v/v). Verify that it has no effect on enzyme structure and make

sure that solution in cell and injector contain the same amount

of DMSO.

• Raw data must be corrected for the heat of dilution of protein, substrate,

and buffer by titrating each component into the buffer with same param-

eters as in the experiment.

• Dehalogenation reaction yields a proton that is taken up by the buffer

conjugate base. Use buffers with low ionization enthalpy to suppress sig-

nal from such reaction.

• In the multiple injectionmode, the spacing between injections should be

set such that the signal has equilibrate before the next injection. It is

important that each addition of substrate is made prior to significant reac-

tion of the substrate so that the pseudo-first-order conditions are

maintained (Freyer & Lewis, 2008).

Fig. 4 Measurement of HLD steady-state kinetics using ITC. (A) The response of the
instrument during titration of the substrate to the cell containing the enzyme. Inset:
Example of an experiment for determination of ΔHr, that is obtained from the average
area of each peak (baseline is depicted in red) divided by the substrate concentration.
(B) The plot of reaction velocity vs substrate concentration, calculated from (A) using
substrate concentration and ΔHr as described in the text.
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4.3.2 Overview
The steady-state kinetics is routinely accessed from initial reaction rates at

different substrate concentrations measured by conventional techniques.

The main disadvantage is the labor to perform many experiments required

to obtain the whole kinetic dataset. ITC presents an alternative and arguably

less time-consuming method of measuring HLD kinetics compared to such

discontinuous assays. The specific dependence of the reaction rate on sub-

strate concentration is easily generated from one or two automated exper-

iments with significantly lower sample requirements. High instrument cost

and the requirement for the advanced experience of the operator are the

major disadvantages of the ITC technique. However, precision and sensitiv-

ity make the ITC an invaluable tool for studying not only HLD kinetics.

4.4 Enantioselectivity
The application of enzymes for production of enantiopure compounds for

fine chemical and pharmaceutical industry has shown to be an interesting

alternative to commonly used chemical methods (Schmid et al., 2001).

Two enantiomers can display different biological activity (Nguyen,

He, & Pham-Huy, 2006), and therefore, the optical purity of the man-

ufactured enantiomer should exceed the enantiomeric excess of 98%

(Pollard & Woodley, 2007). In enzyme asymmetric synthesis, a prochiral

precursor is selectively transformed into the desired enantiomer, whereas

in kinetic resolution, enzyme preferentially converts one enantiomer from

the racemic mixture faster than the other. The second enantiomer is either

converted upon the depletion of the preferred one or remains unconverted.

Efficient kinetic resolution of HLDs has been demonstrated for selective

conversion of several α-bromoesters, α-bromoamides, and β-bromoalkanes

(Prokop et al., 2010; Westerbeek et al., 2011).

Measurement of HLD enantioselectivity is carried out in 25 mL reaction

flasks closed by gas-tight caps with syringe access. Racemic substrate mixture

is added to the agitating buffer of choice and incubated at reaction temper-

ature for 30min. The enzymatic reaction is initiated by addition of the

enzyme (concentration must be optimized for each substrate-HLD pair).

Reaction progress is monitored by the periodical withdrawal of samples

(1mL) from the reaction mixture that are immediately mixed with diethyl

ether (1mL) containing internal standard. Samples are extracted to the

organic solvent which is then subsequently analyzed using gas chromatog-

raphy equipped with a chiral capillary column (Pieters et al., 2001; Prokop
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et al., 2010). Equations describing competitive kinetics are fitted by numer-

ical integration to time courses of the substrate conversion obtained from the

kinetic resolution experiments to estimate the E-values or, alternatively,

enantiomeric excess and the degree of conversion (Chen, Fujimoto,

Girdaukas, & Sih, 1982).

4.5 Stability
The importance of protein stability for the biological function is widely rec-

ognized and can be understood as the ability of the protein to preserve its

function in given conditions over time (Deller, Kong, &Rupp, 2016). High

stability is of utmost importance in biotechnological applications where pro-

teins must carry out its function for long period of time in nonnative con-

ditions such as increased temperatures and broad pH environment, or in the

presence of organic cosolvents (Bommarius & Paye, 2013). Moreover, sta-

bility is often correlated with protein evolvability (e.g., tolerance of protein

to amino acid substitutions) and stable proteins are therefore important in

basic research as a perfect scaffold for directed evolution studies (Bloom,

Labthavikul, Otey, & Arnold, 2006). Analysis of stability is therefore essen-

tial part of protein physiochemical characterization.

Stability of HLDs is routinely assessed by a range of methods. The effect

of pH, temperature, or organic cosolvents on the HLD activity can be

determined: (i) in a single experiment and plotted vs the affecting factor

(e.g., temperature, pH profile) or (ii) periodically monitored and expressed

as a loss of activity over time at given conditions (functional half-life) (Gray

et al., 2001; Jesenska et al., 2002; Stepankova et al., 2014).

The temperature unfolding of HLDs is usually partially reversible or fully

irreversible and leads to an ensemble of nonfunctional conformations or

aggregates. Despite this fact, protein melting temperature (Tm), originally

derived from two-state reversible denaturation model, is commonly used

as a measure of HLD stability. In this context, it should be more correctly

denoted as apparent Tm
app and understood in terms of a midpoint of observed

melting transition, rather than the temperature where concentrations of

native and denatured states are identical. It is suitable for comparison of sta-

bilities among different HLDs or different variants of the same enzyme. Tm
app

of HLDs is most commonly measured by circular dichroism (CD) or differ-

ential scanning calorimetry (DSC). Alternatively, intrinsic (Fig. 5C) or

extrinsic fluorescence using SYPRO orange dye can be used for fast screen-

ing of HLD stability at low concentrations (�0.1mgmL�1) and volumes

(�10μL) (Vanacek et al., 2018).
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4.5.1 Circular Dichroism
The α/β hydrolase fold of HLDs produces characteristic CD spectrum in the

far-UV region (180–260nm) where the circularly polarized light is absorbed

by peptide bonds forming the asymmetric secondary structure elements

(α-helices, β-sheets) (Kelly & Price, 2000). The CD spectrum of HLDs

shows one maximum around 190nm and two local minima around 208

and 222nm (Fig. 5A), typical for α-helical proteins (Fasman, 1996). During

heat denaturation, the noncovalent interactions break, and secondary

structure elements are gradually depleted. Protein stability can, therefore,

be easily assessed by monitoring CD ellipticity at wavelengths around

222nm as a function of temperature to obtain Tm
app (Fig. 5A and B), or at a

fixed temperature as a function of time to determine structural half-life (t1/2).

Fig. 5 Measurement of HLD stability. (A) Typical CD spectra of native (black line) and
unfolded (dotted line) HLD. (B) Depletion of HLD secondary structure during tempera-
ture scan followed by changes in ellipticity at 222nm. Data can be fitted by sigmoidal
curve (red line). The inflection point is usually reported as apparent melting temperature
(dotted line). (C) Changes in fluorescence spectra of HLDs during temperature. Red-shift
of fluorescence spectra can be observed from the plot of the ratio of fluorescence inten-
sities at 350 and 330nm vs temperature. Note that the midpoint of transition (dotted
line) from the fit (red line) is 2°C higher than in CD measurement. (D) DSC thermogram
of HLDs. The figure shows baseline-subtracted data of heat capacity vs temperature.
Here, maximum of the peak corresponds to the apparent melting temperature (dotted
line). Unpublished data.
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CD spectroscopy found utility in studies examining effects of temperature, pH,

cosolvents, ionic strength, or amino acid substitutions to the conformational

stability of HLDs (Chaloupkova et al., 2011, 2014; Drienovska et al., 2012;

Fortova et al., 2013; Hasan et al., 2011, 2013; Jesenska et al., 2009, 2005;

Koudelakova, Bidmanova, et al., 2013; Koudelakova, Chaloupkova, et al.,

2013; Liskova et al., 2015; Nakamura et al., 2006; Stepankova, Damborsky,

et al., 2013; Stepankova et al., 2014; Sykora et al., 2014).

4.5.2 Differential Scanning Calorimetry
During DSC measurement, the protein sample is gradually heated at a spec-

ified scan rate and response of the instrument is converted to protein heat

capacity. During protein unfolding, heat is absorbed which results in the for-

mation of the characteristic melting peak (Fig. 5D). The immediate param-

eters that can be obtained from the data without any fitting include: (i) the

area under the peak, which corresponds to the amount of the heat absorbed

by protein during unfolding, (ii) maximum of the peak, Tm
app, and (iii) onset

temperature of unfolding,Tonset. DSC is the only technique that can directly

measure heat change during protein denaturation and therefore provides

valuable information about the thermodynamics and kinetics of unfolding

process. The description of DSC data analysis is beyond the scope of this

review and can be found elsewhere (Ibarra-Molero, Naganathan,

Sanchez-Ruiz, & Muñoz, 2015; Privalov & Dragan, 2007; Privalov &

Privalov, 2000). Although DSC requires a significant amount of protein

for the analysis (�1mgmL�1), it provides the most accurate description

of denaturing process. It has been used to study stability of HLDs in the pres-

ence of cosolvents (Stepankova, Damborsky, et al., 2013), binding of the

inhibitor to the mycobacterial HLD DmbA (Buryska et al., 2016), or the

evaluation of mutations designed to enhance stability of HLD DhaA

(Bednar et al., 2015). Moreover, recent comprehensive analysis of reheating

scans, terminated at different temperature points, showed a surprising differ-

ence in unfolding mechanisms of three structurally similar proteins LinB,

DhaA, and DbjA (Mazurenko et al., 2017). Developed methodology was

incorporated to the web-based software called CalFitter (Mazurenko

et al., 2018), which serves as unified platform for analysis of protein thermal

denaturation data measured by temperature scanning techniques (e.g., DSC,

CD, fluorescence spectroscopy) and kinetic measurements (temperature

jumps) (Fig. 6).
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Fig. 6 Example analysis of protein thermal denaturation data using CalFitter web. The web tool offers a variety of options for data visual-
ization, pretreatment, simulation, and fitting. Data are visualized in the graph window (left side) and each data set can be enlarged by amouse
click. CalFitter web offers 12 different models of unfolding (right side of the figure) that can be used for fitting of data measured by spec-
troscopy, calorimetry, or kinetics. Software is freely available at https://loschmidt.chemi.muni.cz/calfitter.
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5. CONCLUSIONS AND PERSPECTIVES

Growing demand for enzymes with novel or interesting properties

have been a driving force for their discovery from diverse environments

and habitats. Oceans cover more than 70% of planet surface and organisms

living in the marine environment contain biochemical secrets to be discov-

ered. HLDs are no exception. Twelve novel enzymes have been found in

marine organisms in the past 8 years, adding to a total of 34 biochemically

characterized members of HLD family to date (Kokkonen et al., 2017; Kotik

et al., 2017; Vanacek et al., 2018). Despite the considerable amount of struc-

tural, biophysical, and biochemical information available from the analysis of

wild-type HLDs and their engineered variants, there is still a lot to learn

about this interesting enzyme family.

Although the diversity of organisms which express HLDs and utilize

their function is large and spanning all three domains of life, the biological

function of most characterized enzymes remains elusive. Presence of the

same coding gene in phylogenetically different microorganisms strongly

suggests an important role of horizontal gene transfer in the distribution

of HLD genes among bacteria worldwide (Poelarends, Kulakov, et al.,

2000; Poelarends, Zandstra, et al., 2000). This observation is further

supported by the presence of genes coding for invertases or transposases

and insertion sequences localized downstream and upstream of dehalogenase

genes (Kulakov, Poelarends, Janssen, & Larkin, 1999; Kulakova et al., 1997;

Mattes et al., 2008) that are often found as part of a catabolic gene cluster for

degradation of a xenobiotic compound (Liang, Jiang, Zhang, Zhao, & Li,

2012; Nagata et al., 1999; Poelarends, Kulakov, et al., 2000; Poelarends,

Zandstra, et al., 2000). The acquisition of mobile genetic elements coding

for degradation pathway of a halogenated compound by bacteria provides

them with a competitive advantage in a polluted environment, leading to

their positive enrichment. However, the evolutionary origins of

dehalogenase genes are still unknown. Sequence similarity among individual

HLDs is generally low (50%), which suggests that the divergence of

dehalogenase function occurred much earlier than the introduction of

man-made environmental pollutants. Presumably, common dehalogenase

ancestors may have evolved from other genes via mutation through long-

term vertical evolution (Liang et al., 2012).

The ancestral HLD genes could catalyze a different hydrolytic reaction,

sharing mechanism with dehalogenation, or may have been involved in the
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dehalogenation of naturally occurring halogenated compounds (Gribble,

2010; Janssen et al., 2005). The high abundance of naturally produced halo-

genated compounds in the environment makes the later proposition quite

feasible. Genomic analysis of marine organisms expressing HLDs could

provide valuable insights into the evolutionary origins of their biological

function. Various alternative approaches can be used to uncover physio-

logical function of enzymes: (i) targeted metabolomics, (ii) activity-based

metabolomic profiling, (iii) gene knockouts, (iv) coexpression and trans-

criptome analysis, or (v) computational docking of metabolites to the

structural models (Prosser, Larrouy-Maumus, & de Carvalho, 2014).

Members of the HLD-III subfamily are of special interest since they dis-

play dehalogenase activities in orders of magnitude lower than the members

of the other two HLD subgroups. Moreover, a recent study identified

β-lactone decarboxylase function in enzymes that share structural features

with HLD-III subfamily and have only residual activity toward linear hal-

oalkanes (Christenson et al., 2017). Testing of other members of this sub-

family to different activities besides dehalogenation will shed a light on

the other biological function of HLD-like enzymes.

Detailed mechanistic and kinetic analyses of individual HLDs are neces-

sary for the understanding of the structural basis of dehalogenase catalytic

mechanism and the investigation of enzyme evolution at a molecular level.

An impressive amount of information has been collected from the analyses of

four archetypal enzymes: DhaA, LinB, DhlA, and DbjA. Newly identified

HLDs are often subjected to only a limited characterization without subse-

quent exploration of their unusual or interesting properties, mainly due to

the high cost and time demands of experiments. Miniaturization of analytical

methods together with the development of fast screening assays will signif-

icantly increase the efficiency of biochemical characterization and allow sys-

tematic probing of sequence space. A promising development in this

direction is employing a microfluidics approach that has the potential to

integrate alternative analytical tools. Moreover, a combination of high-

throughput analytical tools with an automated platform for bioinformatics

identification of novel HLDs in genomic databases (software tool

EnzymeMiner under development) will provide an alternative approach

for obtaining efficient and robust biocatalysts for practical applications.

HLDs found in marine organisms show interesting properties including

high levels of activity toward a broad spectrum of substrates, diverse range of

stability including the highest stability of all wild-type enzymes, and selective

conversion of racemic mixtures of valuable synthons α-bromoalkanes and
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β-bromoesters (Buryska et al., 2018; Chrast et al., 2018; Fortova et al.,

2013). Biochemical characterization of marine HLDs clearly demonstrates

a huge potential of the marine environment for the continued discovery

of HLDs with new catalytic properties.
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